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Role of Vapor Phase Processes on the Sintering of Diesel Oxidation Catalysts

By

Cristhian Carrillo

B.S., Physics, University of New Mexico
Doctor of Philosophy, Engineering

ABSTRACT
This work provides a fundamental understanding on the vapor phase processes
that govern the sintering of supported nanoparticles in relation to the diesel oxidation
catalyst (DOC). Sintering is a deactivation process that affects this catalyst significantly,
and many other catalyst systems. Therefore, it is important to understand the sintering
mechanisms in order to improve the long term catalytic reactivity.
Pt is an active catalyst in the DOC but it sinters via Ostwald ripening to form
large particles under the accelerated aging conditions (800 oC) recommended by the
Department of Energy (DOE). At 800 oC in the presence of oxygen, Pt forms PtO2 with a
high vapor pressure. Therefore, vapor phase ripening via transport of PtO2 is significant
under these conditions and leads to the growth of large Pt nanoparticles. It is well known
that adding Pd improves the durability of Pt in DOCs and that the support influences the
rate of Pt sintering. However, there is no clear consensus in the literature for the
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responsible mechanisms. In conventional powder catalysts, it is impossible to study the
effect of Pd and the support on the vapor pressure of PtO2 because the pores trap the
volatilized metal. In this study, an open system such as planar model catalysts were
utilized to gain mechanistic insights and to directly measure the vapor pressure of PtO2.
With the use of model catalysts, it was found that the mechanism by which Pd
improves the durability of Pt is two-fold: (1) Pd lowers the vapor pressure of PtO2 and (2)
PdO is regenerated by the emission of Pt from Pt-Pd nanoparticles and serves as trapping
sites for mobile Pt species. The trapping effect is enhanced when there is excess PdO.
Lastly, model catalysts allowed for studying the role of the support on the sintering of Pt.
Three supports were investigated: La-Al2O3, MgAl2O4, and polyhedral CeO2. By
depositing thin films of powder onto planar model TEM grids, it was possible to measure
the vapor pressure of PtO2 and relate it to the rate of sintering.
The last study in this dissertation was performed at General Motors Global
Research and Development at the Chemical and Materials Systems Lab. The work
provides a fundamental study on the kinetics of propane oxidation over Pd/La-Al2O3
catalysts. The work aims to develop low temperature catalysts for hydrocarbon oxidation
that will meet the 150 oC challenge as proposed by the DOE.
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Chapter 1 - Introduction
1.1 Statement of The Research Problem
Diesel oxidation catalysts (DOCs) are part of the exhaust treatment system in the
catalytic converter for diesel powered vehicles. The purpose of the DOC is to catalyze the
oxidation reaction of O2 with CO, HCs, and NOx pollutants to form CO2, H2O, and NO2.
Pt and Pd catalysts are the main components in the diesel oxidation catalyst (DOC).
Modern combustion engines are achieving improved fuel efficiency and thereby
providing lower exhaust temperatures. The challenge is to design catalysts that are active
at 150 oC or lower and can convert at least 90% of the pollutants. The problem is that the
metals sinter over the lifetime of the catalyst and lose active sites. The Department of
Energy recommends accelerated aging of DOCs at 800 oC in order to simulate the
performance of the catalysts at ~120-150 k miles of driving. After aging at these elevated
temperatures (e.g. 800 oC), the catalysts need to retain their low temperature performance
such as the low temperatures experienced during cold starts. At 800 oC in the presence of
O2, Pt sinters readily via Ostwald ripening. Under these conditions, volatile PtO2 is
formed which has a high vapor pressure. Therefore, vapor phase ripening via transport of
PtO2 is significant at 800 oC and leads to the formation of large Pt nanoparticles.
Adding Pd is known to improve the durability of Pt in DOCs and the support is
known to influence the rate of Pt sintering. However, there is no clear consensus in the
literature about the responsible mechanism. As mentioned previously, vapor phase
processes greatly affect the sintering of Pt DOCs. Fundamentally understanding how Pd
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and the support alter the vapor phase ripening of Pt will help in designing catalysts with
improved durability.

1.2 Catalysis
Catalysts have been utilized extensively for over 2000 years now1 and have a
broad spectrum of applications ranging from the production of wine, cheese and bread 1,2
to the treatment of automotive exhaust. Before Swedish Chemist, Berzelius in 1835, it
wasn’t obvious that a small amount of foreign material could significantly affect the
course of a chemical reaction. The mysterious force was called “catalytic”. As a major
part of his work, catalysts have come to play a significant economic role in the world.
Ostwald expanded the explanation of a catalyst in 1894 stating that a catalyst is a
substance that affects the rate of a reaction while not being consumed and altered in the
process.
The ability of a catalyst to not get consumed in the reactions allows the catalyst to
continue catalyzing the reaction of further quantities of the reactant. A catalyst alters the
rate of a reaction by promoting a different mechanism for the reaction. The catalyst
lowers the reaction rates by lowering the energy barrier/activation energy while the total
free energy from reactants to products does not change. For example, gaseous hydrogen
and oxygen are essentially unreactive at room temperature but they react rapidly to form
water when exposed to a platinum catalyst. The reaction coordinate is demonstrated in
the diagram taken from Fogler2 below.

2

Figure 1.1. Diagrams depicting the reaction of gaseous hydrogen and oxygen to form
water at room temperature with and without a catalyst.2 Note the energy barrier to
form the product is lower in the presence of a catalyst.

1.3 Heterogeneous Catalysis
There are two common types of catalysis: Homogeneous catalysis and
heterogeneous catalysis. Homogeneous catalysis involves the process by which the
reactant and catalyst are in the same phase. Heterogeneous catalysis involves the process
by which the catalyst and reactant are in a different phase. Usually the catalyst is in solid
phase while the reactant may be in the liquid or gas phase. The work presented in this
dissertation involves the use of heterogeneous catalysts where the catalysts and reactants
are in the solid and gas phase, respectively.

1.4 Catalyst Properties
Since heterogeneous catalytic reactions occur at or very near the fluid-solid
interface, it is beneficial to have a large interfacial area to achieve high reaction rates.
Several types of catalysts such as porous, molecular sieves, monolithic, supported, and
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unsupported catalysts are utilized in order to optimize the performance. For example,
porous catalysts have many fine pores that provide the surface area needed to achieve
significant reaction rates. In this work, supported catalysts will be studied extensively.
Supported catalysts consist of an active material in the form of nanoparticles
which are dispersed on a less active material called a support. The active material is
generally referred to as the catalyst. The catalyst may also be dispersed on the support in
atomic form. Packed-bead catalysts in automobile catalytic converters are examples of
supported catalysts. However, catalysts lose performance over their lifetime due to
deactivation mechanisms such as sintering, poisoning, and coking. This work will only
focus on the issue of supported catalyst sintering.

1.5 Sintering of Supported Nanoparticles
In this study, sintering refers to a deactivation of the catalyst where the active
surface area of nanoparticles is lowered due to particle growth. Due to excess surface free
energies, supported nanoparticles tend to aggregate into larger structures, especially
during exposure to high temperatures and reactive atmospheres during catalysis. The
sintering of supported nanoparticles is attributed to two transport mechanisms: particle
migration and coalescence and atomic migration.
Particle migration and coalescence refers to the mobility of nanoparticles over the
surface of the support (Figure 1.2a).3 Essentially, particles migrate along the support and
agglomerate to form a larger structure. On the other hand, there is atomic migration
which is referred to Ostwald ripening (OR). Sintering via OR is mediated by the diffusion
of atoms along the surface of the support or through the vapor phase (Figure 1.2b) while
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the particles remain immobile. As will become clear in the later sections of this
dissertation, sintering via Ostwald ripening is the predominant mechanism for supported
Pt nanoparticles.4 Therefore, only the theory of Ostwald ripening will be discussed in the
next section.
a: Particle Migration and Coalescence

b: Ostwald Ripening

Large
Particle

Adatom

Small
Particle

Small
Particle

Small
Particle

Support

Large
Particle

Support

Figure 1.2. Schematic illustrating the sintering mechanisms of supported
nanoparticles (a) Particle migration and coalescence (b) Ostwald ripening.

1.5.1 Models for Ostwald ripening
The transport of atomic species in Ostwald ripening (OR) is described by the
Gibbs-Thomson relation. This relation describes the relationship between the equilibrium
concentration of adatoms at the particle edge,𝑐𝑝 and the particle radius of curvature, 𝑟.
The relationship is described as follows:
2𝛾 𝛺

𝑐𝑝 = 𝑐𝑝∞ 𝑒𝑥𝑝 ( 𝑘 𝑚𝑇𝑟 )
𝐵

(1.1)

where 𝑐𝑝∞ is the equilibrium concentration of adatoms at the particle edge for an infinitely
large particle (e.g., bulk), 𝛾𝑚 is the particle surface energy, 𝛺 is the atomic volume, 𝑘𝐵 is
Boltzmann’s constant, and 𝑇 is the temperature. Notice by Eqn. (1.1) that the equilibrium
of atomic species is larger at the boundary of small particles compared to that of larger
particles. As a result in a gradient in concentration, there is a net flux of atomic species
diffusing from smaller to larger particles. The driving force for diffusion is essentially an
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increase in the entropy, thereby, lowering the Gibbs free energy of the system. Therefore,
larger particles grow at the expense of smaller particles. The relation between Gibbs free
energy (𝛥𝐺) and entropy (𝛥𝑆) is described below in Eqn. (1.2):
𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆

(1.2)

Where 𝛥𝐻 is the enthalpy. Note, that entropy (i.e. amount of disorder) always wants to be
maximized in nature. Therefore, nature wants to lowers the 𝛥𝐺.

Figure 1.3. Schematic of monomer concentration and transition energies on and
about a particle.5
The particle surface energy is related to the metal-support surface energy, 𝛾𝑚𝑠 , the
support surface energy, 𝛾𝑠 , and the contact angle, 𝜃. The relation is described as follows
by Eqn. (1.3)6:
𝛾𝑠 = 𝛾𝑚𝑠 + 𝛾𝑚 𝑐𝑜𝑠(𝜃)
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(1.3)

Note, there exists a radius of curvature, 𝑟 ∗ , by which particles neither shrink nor grow.
We refer to this radius as the “critical radius”. The critical radius was defined by
Chakraverty7 as
𝑟∗ =

2𝛾𝑚 𝛺
𝑘𝐵 𝑇𝑙𝑛(𝑠)

𝑠=

𝑛
𝑛𝑒𝑞

(1.4)
(1.5)

where 𝑠 is the total concentration of atoms on the surface, 𝑛 is the current concentration
of the atom, and 𝑛𝑒𝑞 is the equilibrium vapor pressure. As will be demonstrate later in
this dissertation, the sintering of metal nanoparticles is mediated by OR. Therefore, a
brief derivation of the ripening model proposed by Wynblatt and Gjostein5 will be shown
in order to give the reader an understanding on the parameters that govern the ripening
process.
Inter-particle Transport by Substrate Surface Diffusion
As described by Figure 1.3, there will be a gradient in the concentration of atoms,
𝑐(atoms/unit area) of metal monomers on the substrate. 𝑐̅𝑠 and 𝑐𝑠 are the substrate
monomer populations far from the particle and adjacent to the particle edge, respectively.
𝑐𝑝 is the monomer (adatom) population on the particle. Therefore, an adatom on the edge
𝑠
of the particle must overcome an energy barrier (𝐻𝑝𝑠 + 𝐻𝑚
) in order to jump to the

substrate (Figure 1.3). 𝐻𝑝𝑠 denotes the energy difference between a monomer at a site on
𝑠
the particle and a monomer on a substrate site. 𝐻𝑚
denotes the migration energy of a

monomer on the substrate. The relation describing the net current (atoms/unit time) from
the substrate to the particle is given by:
𝐽𝑝 = 2𝜋𝑟𝑎𝛽 ′ 𝑠𝑖𝑛𝜃(𝑐𝑠′ − 𝑐𝑝 𝛽)
7

(1.6)

where 𝑟 is the radius of curvature, 𝑎 is the atomic spacing at the support at the particle
edge. The rest of the parameters are defined in Figure 1.3 and
𝑠
−𝐻𝑚
𝛽 ′ = 𝑣𝑠 𝑒𝑥𝑝 (
)
𝑘𝐵 𝑇

(1.7)

𝑣𝑝
−𝐻𝑝𝑠
𝑒𝑥𝑝 (
)
𝑣𝑠
𝑘𝐵 𝑇

(1.8)

𝛽=

where 𝑣𝑝 and 𝑣𝑠 are the vibrational frequencies of a monomer on the particle and
substrate respectively. The volume change of a particle of radius 𝑟, resulting from the
current 𝐽𝑝 , is given by:
𝑑 4 3
𝑑𝑟
( 𝜋𝑟 𝛼1 ) = 4𝜋𝑟 2
= 𝐽𝑝 𝛺
𝑑𝑡 3
𝑑𝑡

(1.9)

With some substitutions into Eqn. 1.8 and simplifications as shown in more detail by
Wynblatt and Gjostein5, we obtain the following relationship:
𝑑𝑟
𝐴𝐷 𝑟
= 3 [ ∗ − 1]
𝑑𝑡
𝑅 𝑟

(1.10)

where
𝐷1 𝛾𝑚 𝛺 2 𝑐𝑠𝑒𝑞
𝐴𝐷 =
𝑙𝑛(𝐿/𝑟𝑠𝑖𝑛𝜃)𝛼1 𝑘𝐵 𝑇

(1.11)

and the monomer diffusivity over the substrate, 𝐷1 is defined as:
𝑠
−𝐻𝑚
𝐷1 = 𝑎2 𝑣𝑠 𝑒𝑥𝑝 (
)
𝑘𝐵 𝑇

(1.12)

Further simplifications and substitutions (see Wynblatt and Gjostein5) give the following
kinetic law governing particle growth controlled by the diffusion of monomers over the
substrate surface:
4

𝑟∗
27 𝐴𝐷 𝑡
[ ∗] = 1 +
𝑟0
64 (𝑟0∗ )4
8

(1.13)

where 𝑟0∗ is the value of 𝑟 ∗ at time t = 0.
Inter-particle Transport through the Vapor Phase
The net current (atoms/unit time) onto a particle of radius 𝑟 is given by:
𝐽𝑣 = 4𝜋𝑟 2 𝛼2 𝜒

[𝑃(𝑟 ∗ )−𝑃(𝑟)]
1
(2𝜋𝑚𝑘𝐵 𝑇) ⁄2

(1.14)

where 𝑃(𝑟) and 𝑃(𝑟 ∗ ) are the partial pressures of the particle material which are in
equilibrium with particles of radius 𝑟 and 𝑟 ∗ respectively, 𝜒 is an evaporationcondensation coefficient, and 𝑚 is the mass of a metal atom. In this case, the GibbsThomson equation may be written as
𝑃(𝑟) ≈ 𝑃𝑒𝑞 (1 +

2𝛾𝑚 𝛺
)
𝑘𝐵 𝑇𝑟

(1.15)

where 𝑃𝑒𝑞 is the equilibrium vapor pressure of an infinitely sized particle. Combining
Eqn. (1.13) and Eqn. (1.14) with an expression analogous to Eqn. (1.8), the following
relation is derived:
𝑑𝑟
𝐴𝑉 𝑟
=
[ − 1]
𝑑𝑡
𝑟 𝑟∗

(1.16)

where
𝐴𝑉 =

𝛼2 2𝛾𝛺 2
𝜒𝑃𝑒𝑞
𝛼1 𝑘𝐵 𝑇 (2𝜋𝑚𝑘𝐵 𝑇)1⁄2

(1.17)

Following a similar approach as in the case for inter-particle transport by surface
diffusion, the following kinetic law is derived (see Wynblatt and Gjostein5 for more
details):
2

𝑟∗
𝐴𝑉 𝑡
[ ∗] = 1 +
𝑟0
2(𝑟0∗ )2
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(1.18)

1.6 Relation between Vapor Pressure and Rate of Metal Emission in a
Vacuum
Irving Langmuir first derived the relationship between vapor pressure and rate of
emission for metals in a vacuum.8 The Langmuir model assumes a surface of metal in
equilibrium with its saturated vapor. Therefore, according to the kinetic theory of gases,
we refer to the equilibrium as a balance between the rate of emission and the rate of
condensation. Since we assume the system is at equilibrium, the two processes are
occurring simultaneously at equal rates. Consider a unit cube of the vapor that is bounded
by the metal on one side. We will derive the rate at which the vapor comes into contact
with the metal. Half the molecules in the unit volume are moving towards the metal and
the other half are moving away from it. Therefore, the mass of gas moving toward the
metal is 1⁄2 𝜌, where 𝜌 is the density of the gas. The average (arithmetical) velocity of
the molecules will be denoted as 𝛺. The average component of the velocity in any given
direction is 1⁄2 𝛺. Therefore, the average velocity at which the molecules are
approaching the metal is 1⁄2 𝛺. By dimensional analysis, the mass, 𝑚, which strikes
against the unit surface (𝑔 ∙ 𝑚−2 ∙ 𝑠 −1 ) is1⁄2 𝜌 × 1⁄2 𝛺. Therefore
𝑚=

1
𝜌𝛺
4

(1.19)

From the ideal gas law (𝑃𝑉 = 𝑅𝑇), we can write the expression as
𝜌=

𝑃𝑀
𝑅𝑇

(1.20)

where 𝑃 is the pressure, 𝑀 is the molar mass, 𝑇 is the absolute temperature (oK), and 𝑅 is
the gas constant. The average velocity of the molecules is given by the relation
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𝑃=

𝜋 2
𝜌𝛺 (1.21)
8

Solving for 𝛺 in Eqn. (1.20), we get the following relation:
8𝑅𝑇
𝛺= √
𝜋𝑀

(1.22)

Finally, substituting Eqn. (1.20) and Eqn. (1.22) into Eqn. (1.19) we get the rate at which
the vapor comes into contact with the metal:
𝑀
𝑚= √
∙𝑃
2𝜋𝑅𝑇

(1.23)

Eqn. (1.23) gives an upper limit on the rate of emission since the system is in vacuum. As
shown by Fonda9 the rate of emission will be lowered in the presence of a gas due to the
metal having to diffuse through a stagnant film.

1.7 “Transportation” or “Carrier Gas” Technique for Measuring
Emission Rates
Metal emission rates in this dissertation were studied by applying the
“transportation” technique that was applied by Alcock and Hooper10 in order to establish
the thermodynamics of gaseous oxides for platinum group metals. The principle of the
“transportation technique is that a steady measured flow of inert carrier gas is passed over
a specimen removing/sweeping away its volatilized components at a rate that is
dependent on the vapor’s partial pressure. Note, precise vapor pressures can only be
calculated by measurements. By measuring the mass of material transported into the
carrier gas, one may determine the concentration, and hence calculate the partial pressure
of the volatilized component. However, the flow rate of carrier gas must be slow enough
in order to ensure that equilibrium is established and the vapor is saturated.
11

Isothermal Conditions
Volatilized Metal is Swept Away by Gas

Flow In

Flow Out

O2 and N2 (1 atm)

Metal
Figure 1.4. Schematic showing the principles of the “transportation” or “carrier
gas” technique which was utilized by Alcock and Hooper.10

The equilibrium between the metal, oxygen, and the gaseous oxide is as follows:
𝑥𝑀 +

1
𝑦𝑂 ↔ 𝑀𝑥 𝑂𝑦
2 2

(1.24)

Therefore, assuming that oxygen and the gaseous oxide behave as ideal gases, their
activities may be replaced by their partial pressures and the equilibrium constant, K, for
the reaction can be written as
𝐾=

𝑃(𝑀𝑥 𝑂𝑦 )
1

𝑃(𝑂2 )2𝑦 𝑎(𝑀)𝑥

(1.25)

where a(M) is the activity of the metal, M. Note the activity is unity for a pure metal.
Therefore, for pure Pt we get the following relation with the equilibrium constant
1

𝑃(𝑃𝑡𝑥 𝑂𝑦 ) = 𝐾𝑃(𝑂2 )2𝑦

(1.26)

From the work of Alcock and Hooper, it was found that the stoichiometry of the volatile
oxide of Pt was PtO2.10 Therefore, Eqn. (1.26) can be written as:
𝑃(𝑃𝑡𝑂2 ) = 𝐾𝑃(𝑂2 )

(1.27)

It can clearly be seen that the vapor pressure of PtO2 scales linearly with the partial
pressure of oxygen.
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1.8 Kinetics of Heterogeneous Catalytic Reactions
This dissertation will include a kinetic study on hydrocarbon oxidation over
Pd/Al2O3 powder catalysts (work done at GM for summer internships). Therefore, some
fundamental equations utilized to calculate reaction rates in a packed-bed reactor system
will be derived in this section in order to provide the reader with some background. The
derivations will be taken out of Fogler’s2 book on chemical reaction engineering and
Boudart’s book11. Please refer to the book for a more thorough description of the
derivations.
Definition of Conversion
Consider the general reaction
𝑎𝐴 + 𝑏𝐵 → 𝑐𝐶 + 𝑑𝐷

(1.28)

Where the uppercase letters represent the chemical species and the lowercase letters
represent the stoichiometric coefficients. Arbitrarily taking species A as the basis of
calculation, the conversion, 𝑋𝐴 is the number of moles of A that have reacted per mole of
A fed to the system:
𝑋𝐴 =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴 𝑓𝑒𝑑

(1.29)

Design Equations for Flow Reactors
Note for continuous-flow systems, the conversion of a reactant is increased with time
spent in the reactor. Therefore, this time generally increases with reactor volume and
thus, the conversion is a function of volume. We define the molar flow rate as 𝐹𝐴0 . The
molar rate at which species A is reacting within the entire system will be 𝐹𝐴0 𝑋.
[𝐹𝐴0 ] ∙ [𝑋] =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴 𝑓𝑒𝑑 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
∙
𝑡𝑖𝑚𝑒
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴 𝑓𝑒𝑑
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(1.30)

[𝐹𝐴0 ] ∙ [𝑋] =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
𝑡𝑖𝑚𝑒

(1.31)

Therefore, the molar flow rate of A leaving the system, 𝐹𝐴 , is defined by
𝐹𝐴 = 𝐹𝐴0 (1 − 𝑋)

(1.32)

where the entering molar flow rate of A, 𝐹𝐴0 (mol/s) is the product of the entering
concentration, 𝐶𝐴0 (mol/cm3) and the volumetric flow rate, 𝑣0 (cm3/s)
𝐹𝐴0 = 𝐶𝐴0 𝑣0

(1.33)

For gas systems, we can assume and ideal gas where the entering concentration 𝐶𝐴0 can
be calculated by
𝐶𝐴0 =

𝑃𝐴0
𝑅𝑇0

(1.34)

Therefore, Eqn. (1.32) may be written as
𝐹𝐴0 =

𝑃𝐴0
𝑣 (1.35)
𝑅𝑇0 0

Packed-Bed Reactor
Packed-bed reactors are tubular reactors that are filled catalysts particles. The design
equation is described as
−𝑟𝐴′ = 𝐹𝐴0

𝑑𝑋
𝑑𝑊

(1.36)

−1
where W is the catalyst weight. Therefore, the reaction rate has units of {𝑚𝑜𝑙 ∙ 𝑔𝑐𝑎𝑡
∙

𝑠 −1 }. Integrating Eqn. (1.36) gives the following relation to find the weight:
𝑋

𝑊 = 𝐹𝐴0 ∫

0

𝑑𝑋
−𝑟𝐴′

(1.37)

Eqn. (1.37) can be used to determine the amount of catalyst weight, W needed to obtain a
certain conversion X when the total pressure remains constant.
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Flow In

Flow Out

Figure 1.5. Schematic of a packed-bed reactor.
Power Law Models and Elementary Rate Laws for Chemical Reactions
The dependence of the reaction rate on the reactant concentration is generally determined
experimentally. One of the most common ways to show the dependence is via the power
model. In the power model, the concentration of the species is raised to some power n.
For example the power model for a reactant, A will be as follows:
−𝑟𝐴 = 𝑘𝐴 𝐶𝐴𝑛

(1.38)

where 𝑟𝐴 is the reaction rate for species, A, 𝑘𝐴 is the rate constant which units depend on
the reaction order, and 𝐶𝐴 is the concentration of reactant, A. The rate constant
dependence on order is described as
𝑘=

(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)1−𝑛
𝑇𝑖𝑚𝑒

(1.39)

Therefore, the rate laws corresponding to the following reaction orders are as follows:
Zero-order (n=0):

−𝑟𝐴 = 𝑘𝐴

First-order (n=1):

−𝑟𝐴 = 𝑘𝐴 𝐶𝐴

Second-order (n=2):

−𝑟𝐴 = 𝑘𝐴 𝐶𝐴2

The Reaction Rate Constant
The reaction rate constant, 𝑘 is typically independent of reactant concentrations.
However, it is not truly a constant as it is often a function of temperature. The Swedish
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chemist, Arrhenius developed a model relating the rate constant to temperature. This
relation is called the “Arrhenius Equation” which can be written as:
𝑘𝐴 (𝑇) = 𝐴𝑒𝑥𝑝 (−

𝐸
)
𝑅𝑇

(1.40)

where 𝐴 is the pre-exponential factor, 𝐸 is the activation energy, 𝑅 is the gas constant,
and 𝑇 is the absolute temperature in kelvin. The assumption that the rate constant is only
dependent on temperature works for many laboratory and industrial reactions and works
quite well. Note, the activation energy may be derived by plotting the log of 𝑘𝐴 vs1⁄𝑇.
Taking the natural logarithm on both sides of Eqn. (1.40) yields:
𝑙𝑛(𝑘𝐴 ) = −

𝐸1
+ 𝑙𝑛(𝐴) (1.41)
𝑅𝑇

Based on Eqn. (1.41) we can see that 𝑙𝑛(𝑘𝐴 ) scales linearly with1⁄𝑇. Therefore, based on
the data, one may extract the activation energy, 𝐸 from the slope of the line.
Definition of Dispersion
Dispersion is the fraction of atoms on the surface that take part in catalysis. Therefore, a
catalyst with a high dispersion will perform better than a catalyst with a lower dispersion.
Note that catalysts typically contain metal nanoparticles with high dispersions. The
dispersion is inversely related to particle size and can be written as:
𝐷=

1
𝑑

(1.42)

where 𝑑 is the particle size in nm and 𝐷 is the dispersion (fraction of metal atoms on the
surface). The particle size may be determined by various techniques such as electron
microscopy, X-ray diffraction, and chemisorption. The principles of these techniques will
be described in more detail in Chapter 2 of the dissertation.
Definition of Turnover Frequency
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Another parameter used to quantify the activity of a catalyst is the turnover frequency
(TOF). The TOF is the number of turnovers per catalytic cycle per unit time at a given
reaction temperature, pressure, and reactant ratio. It is essentially the number of
molecules reacting per active site per second(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 ∙ 𝑠𝑖𝑡𝑒 −1 ∙ 𝑠 −1 ). The TOF may
be determined by normalizing the reaction rate, 𝑟𝐴 by the total number of active sites, 𝑁.
The TOF can be written as
𝑇𝑂𝐹 = 𝑟𝐴

𝑀
𝑁

𝑁 = 𝑥𝐷

(1.43)
(1.44)

where 𝑀 is the molar mass of the metal (g/mol), 𝑥 is the weight fraction of metal in the
catalyst, and 𝐷 is the dispersion.
Definition of Structure Sensitivity
As the particle size increases, the concentration of surface atoms and sites change. As a
result, the surface structure changes. If the TOF for a reaction varies with particle size,
the reaction is said to be “structure sensitive”. Oppositely, the reaction is said to be
“structure insensitive” when the TOF does not vary with particle size or crystallographic
plane.
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Chapter 2 – Characterization Techniques
2.1 Characterization
Catalyst characterization is a very important tool for the development of catalysts
with optimal performance since it allows us to understand the true nature and evolution of
the catalyst during and after exposure to operating conditions. For example, typical
characteristics one studies in a catalyst are the changes/evolution of particle size,
structure, composition, and oxidation state. The present study will incorporate techniques
such as electron microscopy, X-ray photoelectron spectroscopy (XPS), electron probe
microanalysis (EPMA), X-ray diffraction (XRD) and energy dispersive X-ray
spectroscopy (EDS) to gain conclusive evidence on the working state of the catalyst. In
order to understand these techniques we first need to understand the interactions between
photons and electrons with matter. Both electrons and photons are used as sources or
signals in the aforementioned techniques to give us vital characteristics about our
specimen. This chapter will cover a brief overview on the fundamental principles behind
each characterization technique utilized in the present study.

2.2 Interaction of Electrons with Matter
Many of the techniques used in the characterization of catalysts involve the
interaction of electrons with a material to produce a signal that may be studied.12
Examples of techniques utilizing electrons as a source to generate signals from a material
are: transmission electron microscopy (TEM), scanning electron microscopy (SEM), and
EPMA. Signals produced from the electron-material interaction give us different
information about our sample. Incident electrons that interact with the sample provide
ionization energy to the sample. As a result, the ionizing radiation produces a wide range
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of secondary signals from the specimen. The radiation is capable of removing tightly
bound inner-shell electrons from the attractive field of the nucleus by transferring some
of its energy to individual atoms in the specimen. A summary of the signals that may be
generated due to electrons interacting with a material are described below in Figure 2.1.12

Figure 2.1. Signals generated from the interaction of a high energy incident electron
beam with a thin specimen. Provided by David B. Williams and C. Barry Carter
“Transmission Electron Microscopy12.” Note: the directions shown for each signal
do not represent the physical direction of the signal. However they do indicate
where the signal is strong and where it can be detected.
Many signals are used in analytical electron microscopy giving us chemical information
and other details about our samples. For example, characteristic X-rays are used in
energy-dispersive X-ray spectroscopy (EDS) to study the chemical composition of a
sample.

2.3 Interaction of Photons with Matter
The interaction of photons with matter is essentially described by Albert
Einstein’s Nobel Prize on the photoelectric effect.13 The photoelectric effect involves the
ejection of inner core electrons due to the absorption of a photon. These emitted electrons
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are often called “photoelectrons”. The maximum kinetic energy, 𝐾𝑚𝑎𝑥 a photoelectron
may have is described below as
𝐾𝑚𝑎𝑥 = ℎ𝑓 − 𝜑 (2.1)
where ℎ Planck’s constant and 𝑓 is the frequency of the incident photon. The second
term, 𝜑, is the work function. The work function is the minimum energy required to eject
a delocalized electron from the surface of the metal. The work function can be described
as
𝜑 = ℎ𝑓0

(2.2)

where 𝑓0 is the characteristic threshold frequency for the metal. Therefore, the maximum
kinetic energy for the photoelectron is
𝐾𝑚𝑎𝑥 = ℎ(𝑓 − 𝑓0 ) (2.3)
Since kinetic energy must be positive, we must have that 𝑓 > 𝑓0 in order for the
photoelectric effect to work. It is important to note that in some cases auger electrons are
produced. When an inner shell electron is ejected, it leaves a vacant hole that can be
filled by an outer shell electron. When an electron is ejected, it leaves the atom in an
excited state. In order to lower the energy to a ground state, the atom emits an X-ray.

2.4.1 Electron Microscopy
A microscope is defined as an instrument that magnifies an object too small for a
healthy human eye to see. If asked about microscopes, most people will think of the
visual light microscope (VLM). Note, the average person can resolve about 0.1 – 0.2 mm
with the naked eye depending on how good the eye is and how well illuminated the
sample is.12 Therefore, any instrument that can show pictures and images of materials
that are finer than 0.1 mm could be defined as a microscope. The highest useful

20

magnification is governed by its resolution. Electron microscopes were developed
because of the limited image resolution provided by conventional VLMs, as the
resolution is imposed by the wavelength of visible light. The smallest distance, δ, that
can be resolved in a VLM is governed by the Rayleigh criterion described below:
𝛿=

0.61𝜆
(2.4)
𝜇 sin(𝛽)

Where 𝜆 is the wavelength of the source, 𝜇 is the refractive index of the medium and 𝛽 is
the semi-angle of collection of the magnifying lens. The resolution for a good VLM is
about 300 nm. This wavelength corresponds to green light with a wavelength of about
550 nm in the middle of the visible spectrum. Although a resolution of 300 nm is very
small to us, we would still not be able to resolve nanoparticles as small as 1 nm. This is
why electron microscopes are so useful since electrons are much smaller than atoms.
Therefore, theoretically, we could build a microscope that could see well below the
atomic level. As we can see from Eqn. (2.4), it would be beneficial to decrease the
sources (in this case electrons) wavelength in order to improve the resolution of the
instrument. Louis de Broglie’s famous equation
ℎ
(2.5)
𝑝

𝜆=

shows that the wavelength of electrons is related to their energy, E. Ignoring relativistic
effects, it can be shown approximately that
𝜆=

1.22
√𝐸

(2.6)

where ℎ and 𝑝 are Planck’s constant and momentum of the electrons, respectively in Eqn.
(2.6). As an example using Eqn. (2.6), we can show that for electrons with an energy of
100 kV, the wavelength of the electrons would be around 4 pm. This wavelength is much
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smaller than the diameter of an atom. This is why electrons are beneficial to use in
microscopes.

2.4.2 Transmission Electron Microscopy
Transmission electron microscopy (TEM) utilizes the transmitted incident
electrons from the sample to form an image. Obviously, there are limitations with the
TEM as one needs to have a relatively thin specimen in order to transmit electrons
through the sample. The TEM can be divided into three components: the illumination
system, the objective lens/stage, and the imaging system.
The illumination system contains the electron source/gun and condenser lenses.
The role of the illumination system is to transfer the electrons emitted from the gun to the
specimen. TEMs use two different types of electron sources: thermionic guns and fieldemission guns (FEGs). The electron source used in the microscope at UNM is an FEG.
FEGs are setup as cathodes with respect to two anodes where the first anode (provides
voltage, V1) is positively charged by several kV with respect to the tip. The net positive
charge generates a strong electric field that enables electrons to tunnel out of the tip. This
is called the extraction voltage. The extracted electrons are then accelerated to the
appropriate voltage (100 kV or more) by the secondary anode (V0). A diagram describing
the setup is shown in Figure 2.2:
a

b
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Figure 2.2. (a) Field-emission gun (FEG) setup. Anode 1 provides the extraction
voltage to release electrons from the tip. Anode 2 accelerates electrons to 100 kV or
more. (b) FEG tip, showing the extremely fine tungsten needle. Images were taken
from Williams and Carter.12

The gun produces an image of the source which is called the crossover. The purpose of
the crossover is to provide an object for the first lens in the illumination system that
consists of several condenser lenses. The illumination system may be operated in two
different modes: parallel beam and convergent beam. The parallel beam mode is used
primarily for regular TEM imaging and selected area diffraction (SAD) while the
convergent beam mode is mainly used for scanning transmission electron microscopy
(STEM) imaging.
The objective lens and the specimen holder/stage system is positioned in between
the illumination and imaging systems. This region usually extends over a distance of ~ 10
mm at the center of the TEM. This is the location where the electron-specimen
interactions take place. Various images and diffraction patterns also occur in this region
which can then be magnified and recorded. Therefore, the objective lens is obviously the
most important lens in the TEM. The quality of the objective lens determines the quality
of information coming from the specimen. Note the lenses used in a TEM are
electromagnetic. Therefore, the strength of the lens may be changed by changing the
current through a coil around a soft-iron core which changes the strength of the resultant
magnetic field. Some of the most common operations one carries out on the TEM is
adjusting the magnification and focus. Electron lenses are used to magnify and focus the
electron beam and images. The lens equation is as follows for Figure 2.3
1
1
1
=
+
𝑓 𝑑0 𝑑𝑖
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(2.7)

where the magnification, 𝑀, is defined as follows
𝑀=

𝑑𝑖
𝑑0

(2.8)

Objective Plane

Lens

Back Focal Plane

Image Plane

Figure 2.3. Complete ray diagram for a finite object. The object is positioned so that
it is symmetrical around the optic axis. The object is a distance, 𝒅𝟎 from the lens
where the rays are gathered by the lens converge to a point in the image. The image
is a distance, 𝒅𝒊 from the lens. All parallel rays coming from the object are focused
in the focal plane a distance, 𝒇 from the lens.

Magnetic lenses are very ideal in practice because they are not prone to break down due
to exposures to high-voltage. The lenses are made of two components: a pole piece and
coils. The pole piece consists of a cylindrically symmetrical core of soft magnetic
material such as soft iron. The pole piece has a hole drilled through it which is called the
bore. The coil is made of copper wire which surrounds each pole piece. Passing current
through the coil creates a magnetic field in the bore which is inhomogeneous along the
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length of the lens but axially symmetric. The strength of the field in the magnetic lens is
responsible for controlling the trajectories of electrons passing through it. A water
recirculating system is an important part of the TEM lenses since it cools the coils that
heat up due to resistive heating. A cross sectional schematic and real lens is shown below
in Figure 2.4.

a

b

Figure 2.4. (a) Schematic diagram of a magnetic lens. The pole piece is surrounded
the copper coils that provide the magnetic fields (b) Image of a real magnetic lens.
The cylindrical shape conceals the copper wire coils. The two cone shaped pole
pieces beside the lens sit inside the central hole in the lens. Current is provided to
the copper coils by the three-pin electrical connections. Cooling water is circulated
in and out of the two holes in the top plate of the lens to dissipate the heat generated
by the coils due to resistive heating. The images were taken from Williams and
Carter.12
Consider an electron with charge 𝑒 interacting with an electromagnetic field in vacuum.
The electric field has a strength 𝑬 whereas the magnetic field has strength 𝑩. The
electron experiences a force 𝑭, known as the Lorentz force which depends on the velocity
𝒗 of the electron. Therefore the Lorentz force is described mathematically as
𝑭 = −𝑒(𝑬 + 𝒗 × 𝑩)
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(2.9)

where the direction of the force due to the magnetic field 𝑩 is determined by the righthand rule. Therefore, when an electron enters a uniform magnetic field that is
perpendicular to the velocity, the magnitude of the force is described as
𝐹 = 𝑒𝑣𝐵𝑠𝑖𝑛𝜃 = 𝑒𝑣𝐵 =

𝑚𝑣 2
𝑟

(2.10)

where 𝑟 is the radial distance of the electron from the optic axis (sometimes called the
cyclotron radius) and 𝑚 is the mass of the electron. Rearranging Eqn. (2.9) gives an
expression for
𝑟=

𝑚𝑣
𝑒𝐵

(2.11)

Since 𝑣 is a relativistic velocity, Eqn. (2.11) is written as

𝑟=

𝐸 1⁄2
[2𝑚0 𝐸 (1 + 2𝐸 )]
0

𝑒𝐵

(2.12)

where 𝑚0 and 𝐸0 are the rest mass and energy of the electron, respectively. Substituting
known constants into Eqn. (2.12) give the expression
𝑟=

3.37 × 10−6 [𝑉(1 + 0.9788 × 10−6 𝑉)]1⁄2
𝐵

(2.13)

The imaging system consists of several lenses to magnify images or the
diffraction patterns produced by the objective lens. One of the purposes of the imaging
system is to focus the images and diffraction patterns on the viewing screen or computer
display. The magnifying lenses are referred to as the intermediate and diffraction lenses.
The final lens is called the projector lens since it projects the final image or diffraction
pattern onto the viewing screen or detector. The image is produced due to differences in
the phase of the electrons as a result of passing through the sample, known as phase
contrast. This contrast is what gives characteristics of the sample. A CCD camera is
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placed below the screen to collect the variations in the transmitted beams and to record
the transmitted image. Since we are dealing with transmitted electrons to generate
images, the intensity you get from the sample depends on the sample thickness.
Therefore, the amount of diffracted electrons increases as the sample thickness increases.
As a result the sample area with smaller thicknesses will show up brighter on the screen.
Oppositely, sample areas with large thicknesses will show up darker in TEM mode. A ray
tracer diagram is provided below to show how the electrons are passing through the TEM
to produce a final image.

Illumination System

Objective Lens/Stage

Imaging System

Figure 2.5. Schematic of the TEM system. The top section is the illumination system.
The middle section is the objective lens/stage. The bottom section is the imaging
system.
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2.4.3 Scanning Transmission Electron Microscopy
We have previously shown that TEM images are produced by the transmission of
electrons through the sample where the incident beam is parallel. The transmitted
electrons in this technique have limited high angle diffraction. Oppositely, the beam is
convergent in scanning transmission electron microscopy (STEM) mode where the
detector picks up electrons that are diffracted at higher angles. Images that are a result of
higher angle diffracted electrons are referred to as dark field (DF) images. These images
are produced by focusing the electron beam into a narrow spot which is scanned over the
sample in a raster. The diffracted electrons are collected by an annular detector whereas
the electrons that are not highly diffracted are collected by an axial detector. The images
in this work will be from high angle annular dark field (HAADF) mode. The HAADF
detector only collects electrons diffracted at high angles. The scanned electrons are then
put through a photomultiplier tube in order to produce the scanned image. The probe size
determines the resolution of the image in STEM mode which is determined by the
spherical aberrations and diffracting aperture. Note HAADF-STEM images provide Zcontrast. In other words, elements with higher Z numbers will scatter incident electrons
much more than lighter elements. As a result, more scattered electrons will be picked up
by the HAADF detector. Therefore, elements with a higher Z number will appear brighter
in a HAADF-STEM image. A schematic showing the signals generated due to the
interaction of a convergent beam with the sample in STEM mode is shown in Figure 2.6.
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Figure 2.6. Schematic showing the signals generated by the interaction of a
convergent beam with the sample. Schematic was provided by Liu.14

2.5 X-ray Diffraction
X-ray diffraction (XRD) is a characterization technique that utilizes the
wave/particle nature of X-rays to obtain information about the structure of crystalline
materials. XRD is primarily used to identify and characterize compounds based on their
diffraction patterns. The principles of XRD are described as follows: X-rays are scattered
by atoms within the material when an incident beam of monochromatic X-rays interact
with the specimen. Diffraction occurs when there is a phase relation between two or more
waves. The differences in path length travelled leads to differences in phase and thus
changes the amplitude of the resultant wave. Waves are said to interfere constructively
when their crests line up together. The amplitude of the resultant wave becomes larger in
this case. Oppositely, destructive interference occurs when the crest of one wave meets
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the trough of another wave, resulting in a decrease in amplitude of the resultant wave.
The diffraction of X-rays from crystals may be described by Bragg’s Law:
𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)

(2.14)

where 𝑛 is an integer, 1,2,3,…Bragg’s law models an X-ray that is in the form of a plane
wave. The plane is reflected from parallel crystals that are a distance, 𝑑, apart. The lower
plane wave travels a longer distance of 2𝑑𝑠𝑖𝑛𝜃. Constructive interference occurs if this
distance is equal to an integral number of wavelengths, 𝑛. A schematic showing the
geometry of Bragg’s Law is shown below in Figure 2.7:
Incident
Plane Wave

d

Constructive Interference
when

Bragg’s Law
Figure 2.7. Diffraction according to Bragg’s Law. Strong scattering of X-rays of
wavelength 𝒏𝝀 occurs only at angle θ. Scattering is weak at all other angles.

This section will discuss the generation of X-rays in the XRD instrument. X-rays are
produced by high energy electrons colliding with a metal target. An X-ray tube must
contain a source of electrons, a high accelerating voltage, and a metal target. X-ray tubes
contain two electrodes: the anode is the metal target which is held at ground potential and
the cathode is maintained at a high negative potential normally in the order of 30-50 kV.
There are two types of X-ray tubes that provide electrons: gas tubes and filament tubes.
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Gas tubes provide electrons by the ionization of a small quantity of gas (residual air in a
partly evacuated tube). However, these are now obsolete.15 The electron source in
filament tubes is a hot filament. Filament tubes operate under vacuum where the anode at
one end is insulated from the cathode at the other end. The cathode is typically a tungsten
filament and the anode is a block of metal such as copper or molybdenum which is watercooled. One lead of the high-voltage transformer is connected to the cathode (filament)
and the anode (metal target grounded by the cooling-water connection). The filament is
typically heated by a filament current of 3 amps that emits electrons which are drawn to
the target by the high voltage across the tube. The filament is surrounded by a small
metal cup held at the same high (negative) voltage as the filament. As a result, this repels
the electrons and tends to focus them into a small region of the target, called the “focal
spot”. X-rays are then emitted from the focal spot in all directions and escape through the
tube through multiple windows in the tube housing. The windows are usually made of
beryllium since they must be vacuum tight and highly transparent to X-rays. The
components of an X-ray tube may be seen in Figure 2.8, taken from Cullity and Stock.15

a

b
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Figure 2.8. (a) Example of a typical sealed X-ray tube (b) Cross section of sealed Xray tube (schematic) taken from Cullity and Stock.15
XRD may be utilized to determine crystallite sizes. The Scherrer equation in XRD and
crystallography is a formula that relates the crystallite size in a solid to the broadening of
a peak in a diffraction pattern.15 The Scherrer equation can be written as:
𝛽𝑠𝑖𝑧𝑒 =

𝐾𝜆
𝜏𝑐𝑜𝑠𝜃

(2.15)

where 𝜏 is the mean size of the ordered (crystalline) domains, which may be smaller or
equal to the grain size. 𝐾 is a dimensionless shape factor, with a value close to unity. It is
often taken to equal 0.9. 𝜆 is the X-ray wavelength and 𝛽𝑠𝑖𝑧𝑒 is the line broadening at half
the maximum intensity (full width at half maximum, “FWHM”), after subtracting the
instrumental line broadening in radians. This quantity is sometimes denoted as “𝛥2𝜃”.
Lastly, 𝜃 is the Bragg angle. It is important to note that the experimentally measured line
broadening, 𝛽𝑒𝑥𝑝 is not solely due to the crystallite size but rather a sum of the crystallite
size, strain, and instrumental broadening. Therefore, 𝛽𝑒𝑥𝑝 is expressed as
𝛽𝑒𝑥𝑝 = 𝛽𝑠𝑖𝑧𝑒 + 𝛽𝑠𝑡𝑟𝑎𝑖𝑛 + 𝛽𝑖𝑛𝑠𝑡
2
2
2
2
𝛽𝑒𝑥𝑝
= 𝛽𝑠𝑖𝑧𝑒
+ 𝛽𝑠𝑡𝑟𝑎𝑖𝑛
+ 𝛽𝑖𝑛𝑠𝑡

(2.16)
(2.17)

for Lorentzian and Gaussian peaks, respectively. 𝛽𝑒𝑥𝑝 is the experimentally measured
FWHM, 𝛽𝑠𝑖𝑧𝑒 is the FWHM due to crystallite size, 𝛽𝑠𝑡𝑟𝑎𝑖𝑛 is the FWHM due to
microstrain, and 𝛽𝑖𝑛𝑠𝑡 is the FWHM due to the instrument. The broadening due to the
instrument arises from several factors: (1) The first factor is that the source of X-rays has
a finite physical size, meaning is not a perfectly sharp spot or line. (2) The radiation is not
perfectly monochromatic – the wavelength, 𝜆 can have a small deviation from the mean.
(3) The active diffracting volume within the sample is finite. Therefore, diffraction occurs
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away from the true center of the diffractometer. (4) Axial divergence of the
incident/diffracted beams. (5) The configuration of defining slits used in the
diffractometer. (6) Any misalignment of the diffractometer. Typically, the instrumental
broadening contribution of a diffractometer is measured by using a near-perfect sample
whose broadening contribution is negligible in comparison. Typical materials for this
purpose include LaB6, BaF2, and KCl. The line broadening due to microstrain is
expressed as
𝛽𝑠𝑡𝑟𝑎𝑖𝑛 = 𝐶𝜀𝑡𝑎𝑛𝜃

(2.18)

As shown by Eqn. (2.15) and (2.18), the broadening due to size varies with the inverse of
𝑐𝑜𝑠𝜃, and the broadening due to microstrain varies with 𝑡𝑎𝑛𝜃. Taking the sum of Eqn.
(2.15) and (2.18) gives the following expression
𝛽𝑡𝑜𝑡𝑎𝑙 = 𝛽𝑠𝑡𝑟𝑎𝑖𝑛 + 𝛽𝑠𝑖𝑧𝑒 = 𝐶𝜀𝑡𝑎𝑛𝜃 +

𝐾𝜆
𝜏𝑐𝑜𝑠𝜃

(2.19)

Multiplying Eqn. (2.19) by 𝑐𝑜𝑠𝜃 we get
𝛽𝑡𝑜𝑡 𝑐𝑜𝑠𝜃 = 𝐶𝜀𝑠𝑖𝑛𝜃 +

𝐾𝜆
𝜏

(2.20)

Comparing Eqn. (2.20) to a straight line (𝑦 = 𝑚𝑥 + 𝑏), we see that by plotting 𝛽𝑡𝑜𝑡 𝑐𝑜𝑠𝜃
vs 𝑠𝑖𝑛𝜃 we can obtain the strain component from the slope (𝐶𝜀) and the size component
from the intercept, 𝐾𝜆⁄𝐿. Such a plot is known as a Williamson-Hall16 plot. Therefore a
plot showing 𝛽𝑡𝑜𝑡 𝑐𝑜𝑠𝜃 constant with 𝑠𝑖𝑛𝜃 indicates that size broadening is the only
contribution to peak width. Oppositely, if strain broadening is the important contribution,
𝛽𝑡𝑜𝑡 𝑐𝑜𝑠𝜃 is a linear function of 𝑠𝑖𝑛𝜃. The actual crystallite size is therefore determined
by the y-intercept of the Williamson-Hall plot (i.e.𝛽𝑡𝑜𝑡 𝑐𝑜𝑠𝜃 (𝑠𝑖𝑛𝜃 = 0)).
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2.6 Energy Dispersive X-ray Spectroscopy
Energy dispersive X-ray spectroscopy (EDS) is an analytical technique used for
elemental analysis and chemical characterization of a sample. In the case of EDS in
electron microscopes, the electron beam is the source of X-ray generation. In other
words, the electron beam collides with the core electrons of the sample causing them to
be ejected and thus, leaving a “hole”. Electrons from higher energy levels fill the holes
and X-rays are emitted in order to lower the energy of the system. The characteristic
energy, 𝐸 is described by Moseley’s law17 as
𝐸 = 𝐴(𝑍 − 𝐶)2

(2.21)

where 𝐴 and 𝐶 are constants and differ for each X-ray series (𝐶 = 1.3 for the K series
and approximately 7 for the L series).
The energy levels are referred to as K, L, and M where K is the lowest energy level and
M is the highest. For example, the emitted X-ray is referred to as “Kα” when an electron
from the L energy level fills the hole in the K energy level. Figure 2.9 shows the energy
levels and the process by which characteristic X-rays are generated.

Figure 2.9. Principles of EDS.12,17 The diagram shows an atomic nucleus with core
electrons in the K, L, and M energy levels. The external stimulation is referred to an
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incident electron coming from the source (electron beam). The incident electron
collides with the core electron of the atom and ejects it, leaving a “hole”. An electron
from a higher energy level fills the hole and as a result, a characteristic X-ray is
emitted in order to conserve energy.
The three main components of an EDS system are the detector, the processing
electronics, and the computer. The working of the EDS may be summed up as follows:
The detector generates a charge pulse proportional to the X-ray energy. The pulse is then
converted to a voltage where this voltage is then amplified through a field-effect
transistor (FET) that is isolated from other pulses. It is further amplified and then
identified electronically as resulting from an X-ray of specific energy. Finally, a digitized
signal is stored in the channel assigned to that energy in the computer display.

X-ray
Computer

Charge Pulse
EDS Detector

Pulse
Processor

Energy

Computer
Display

Figure 2.10. Schematic diagram of the components in EDS.12 The computer controls
the detector, the processing electronics and the display.

The EDS detectors are typically Si semiconductors which are reverse-biased p-n diodes.
When X-rays deposit energy in a semiconductor, electrons are transferred from the
valence band to the conduction band, creating electron-hole pairs. Note that thousands of
electron-hole pairs are generated from a single X-ray since characteristic X-rays have
energies well above 1 keV. Therefore the number of electron-hole pairs is directly
proportional to the energy of the X-ray photon. Note, not all the X-ray energy is
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converted in to generating electron-hole pairs. However, enough pairs are generated to
collect sufficient signal to distinguish most elements in the periodic table.

2.7 Electron Probe Microanalysis
Electron probe microanalysis (EPMA) is an analytical technique used to nondestructively determine the chemical composition of small volumes of solid materials. A
beam of accelerated electrons are focused on the surface of the sample using a series of
electromagnetic lenses. As described for EDS, the energetic electrons produce
characteristic X-rays within a small volume (typically 1 to 9 cubic microns) of the
sample. The electron range in the sample that is used to determine the interaction volume
is estimated by the following relation below:17
𝑅=

0.0276 𝐴 1.67
𝐸
𝑍 0.89 𝜌 0

(2.22)

Where 𝑅 is the electron range (μm), 𝐴 is the atomic weight (g/mol), 𝑍 is the atomic
number, 𝜌 is the sample density (g/cm3), and 𝐸0 is the accelerating voltage (keV). As
seen by Eqn. (2.22), the electron range decreases with increasing density, 𝜌 and atomic
number, 𝑍. The depth of X-ray production in the sample may be described by the
Andersen-Hasler17 relation
𝑅𝑥 =

0.064 1.68
(𝐸0 − 𝐸𝑐1.68 )
𝜌

(2.23)

where 𝑅𝑥 has units of μm when 𝐸 is in units of keV and 𝜌 is in units of g/cm3. The
characteristic X-rays are collected at particular wavelengths and their intensities are
measured in order to determine concentrations. EPMA has a high spacial resolution and
sensitivity making individual analyses reasonably short (around 1 to 2 minutes in most
cases). The EPMA may also function like an SEM. One may obtain highly magnified

36

secondary and backscattered-electron images of a sample. The EPMA functions under
two modes for analyzing X-rays: EDS and wavelength-dispersive X-ray spectroscopy
(WDS). Since EPMA was used extensively in this dissertation for quantifying metal
loading, this section will cover some basics for quantitative X-ray microanalysis.
The Basics of Quantitative X-ray Analysis
Castaing first noted that the primary generated intensities of X-rays are proportional to
the respective mass fractions of the emitting element. Castaing’s first approximation of
quantitative analysis says that the measured intensity ratios between the specimen and
standard are roughly equal to the ratios of the weight fractions of the emitting element.
The relation is given by
𝐶𝑖
𝐼𝑖
=
= 𝑘𝑖
𝐶𝑆𝑡 𝐼𝑆𝑡

(2.24)

Where 𝐶𝑖 and 𝐶𝑆𝑡 is the composition in weight concentration in element i in the unknown
and the standard, respectively. The value 𝑘𝑖 is called the k ratio. This value (the ratio of
intensities) is the basic experimental measurement which underlies all quantitative X-ray
microanalysis. Note, it is important for the analyst to take into account atomic number
(Z), X-ray absorption (A), and fluorescence (F) effects when quantifying X-ray
intensities. As a result of these effects, the measured intensity is not always equal to the
actual intensity. Therefore a correction such as “ZAF” is made in order to account for
these

effects that can increase/decrease X-ray intensities. Therefore, Eqn. (2.24) is

modified as follows
𝐶𝑖
𝐼𝑖
= [𝑍𝐴𝐹]𝑖 ∙
= [𝑍𝐴𝐹]𝑖 ∙ 𝑘𝑖
𝐶𝑆𝑡
𝐼𝑆𝑡
Atomic Number Effect, Z
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(2.25)

When thinking about the atomic number effect, one must consider two factors:
backscattering (𝑅) and stopping power (𝑆). These two factors determine the amount of
generated X-ray intensity in the sample. Taking the ratio of 𝑆 to 𝑅 for the sample and
standard yields the atomic number effect, 𝑍𝑖 for each element 𝑖 in the sample. A
discussion of 𝑅 and 𝑆 factors will be discussed in further detail below:


Backscattering R

Backscattering of electrons is a result of elastic scattering in a solid. This phenomenon
results in the premature loss of significant fraction of the incident electrons interacting
with the target. Therefore, the intensity of X-rays may be decreased and can lead to
flawed measurements.


Energy Loss S

The rate of energy loss in a sample is due to inelastic scattering, which is strongly
dependent on the atomic number. The parameter 𝑆 is the rate of energy loss given as
𝑑𝐸 𝑘𝑒𝑉
𝑍𝜌
1.166𝐸𝑖
(
) = −2𝜋𝑒 4 𝑁0
𝑙𝑛 (
)
𝑑𝑆 𝑐𝑚
𝐴𝐸𝑖
𝐽

(2.26)

𝐽 (𝑘𝑒𝑉) = (9.76𝑍 + 58.5𝑍 −0.19 ) × 10−3 (2.27)
where 𝑑𝐸 is the differential change in energy,𝑑𝑠 is the differential change in distance
travelled, 𝑒 is the electron charge, 𝑁0 is Avogadro’s number, 𝑍 is the atomic number, 𝜌 is
the density (g/cm3), 𝐴 is the atomic weight (g/mol), 𝐸𝑖 is the electron energy (keV) at any
point in the specimen, and 𝐽 is the average loss in energy per event. Note, the negative
sign in Eqn. (2.19) indicates the loss of energy.


X-ray Generation with Depth, 𝝋(𝝆𝒛)
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The atomic number effect may also be calculated by determining the X-ray generation in
depth as a function of atomic number and electron beam energy. Monte Carlo simulations
of electron trajectories are an essential tool for determining the paths of incident electrons
within the specimen. The generation of X-rays within the specimen typically has the form
of the plots images shown in Figure 2.11. The incident electrons undergo both elastic and
inelastic scattering events along their paths in the specimen. However, the production of
characteristic X-rays (an inelastic scattering process) can occur along the path of an
electron as long as the energy E of the electron is above the critical excitation energy Ec
of the characteristic X-ray. As shown in Figure 2.11 for Al, Ti, and Cu, the X-ray
generation volume decreases with increasing atomic number for the same initial electron
beam energy. The decrease in X-ray generation volume is due to two reasons: (1)
increase in the elastic scattering with increasing atomic number. This causes the electron
path to deviate from the initial beam direction. (2) The critical excitation energy increases
with increasing atomic number.

Figure 2.11. X-ray generation volumes determined by Monte Carlo calculations at
15 keV17 for (a) Al (b) Ti (c) Cu.
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Figure 2.11 also clearly shows that the X-ray generation volume varies with depth. Since
it is difficult to measure or calculate the absolute value for the X-ray intensity generated
with depth, many researchers follow the procedure first suggested by Castaing (1951).17
One uses a relative or normalized generated intensity which varies with depth, called
𝜑(𝜌𝑧). The 𝜌𝑧 term is called the mass depth and is the product of the density of the
sample 𝜌 (g/cm3) and the linear depth dimension 𝑧 (cm). The mass depth is generally
used more than the linear depth term 𝑧. It is beneficial to use the mass depth term because
it removes the strong variable of density when comparing specimens of different atomic
number.17 The general shape of the distribution for the generation of X-rays is shown in
Figure 2.12. Note, the amount of X-ray production is related to elastic scattering, the
initial electron beam energy, and the critical excitation energy for the line of interest.
Once the electron beam penetrates the sample, the path length of the electron trajectories
increase with each successive layer due to two reasons: (1) Elastic scattering causes the
electrons to deviate from their original path, requiring a longer path to cross the layer. (2)
Backscattering causes electrons that were scattered deeper in the sample to cross the layer
in the opposite direction. As result of these two factors, the generation of X-rays
increases with increasing depth from the surface, 𝜌𝑧 = 0 to 𝜌𝑅𝑚 , where the peak
intensity is 𝜑𝑚 as shown in Figure 2.12. Note that the surface layer production, 𝜑0 is
greater than unity due to the backscattering effect. The backscattered electrons essentially
excite more X-ray as they exit the sample. The generation of X-rays decreases as the
depth is increased (> 𝜌𝑅𝑚 ) because backscattered electrons reduces the number of
electrons required to generate X-rays deeper in the sample. The remaining electrons that
do not backscatter lose energy and therefore ionizing power as they scatter at increasing
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depths. Finally, X-ray production goes to zero at 𝜌𝑧 = 𝜌𝑅𝑥 , where the energy of the
electrons no longer exceeds Ec. A discussion of the 𝜑(𝜌𝑧) model was discussed in detail
because this model was utilized in GMRFilm software18 in order to calculate thin films as
will be discussed in Chapter 3 of this dissertation.

Figure 2.12. Schematic for the measurement of a 𝝋(𝝆𝒛) curve. This plot was taken
by Goldstein et al.17

X-ray Absorption Effect, A
This section will address the effect of absorption on quantitative X-ray analysis. Clearly,
generated X-rays will have to pass through a certain amount of matter in order to reach
the detector. During this process, absorption effects lower the intensity of X-rays
reaching the detector. Absorption follows an exponential law. Therefore, as X-rays are
generated deeper in the specimen, a greater fraction is lost to absorption. The intensity of
X-rays, 𝐼 as a function of path length, 𝑡 is defined as follows:
𝜇
𝐼 = 𝐼0 𝑒𝑥𝑝 [− ( ) (𝜌𝑡)]
𝜌
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(2.28)

where 𝐼0 is the initial X-ray intensity generated at some position within the X-ray
generation volume, the quantity (𝜇 ⁄𝜌) is the mass absorption coefficient defined as
𝜇
1 3
4
= 𝑘𝑍 ( )
𝜌
𝐸

(2.29)

where 𝑘 is a constant, 𝑍 is the atomic number of the absorber, 𝐸 is the characteristic Xray energy, and 𝜌 is the specimen density. Note, the quantity 𝐼 represents the X-ray
intensity that leaves the surface of the sample.
X-ray Fluorescence Effect, F
Photoelectric absorption results in emission of characteristic X-rays. For fluorescence to
occur, the atom species must have a critical excitation energy less than the energy of the
characteristic X-ray. As a result of fluorescence, the measured X-ray intensity for the
second element will be increased, i.e., the X-ray intensity of the second element will
include both the direct electron-excited intensity as well as the additional intensity
generated by the fluorescence effect. The fluorescence effect may be ignored if unless the
photon energy is less than 5 keV greater than the edge energy.15 Note, the fluorescence
factor is usually the least important factor in the calculation of composition.
Thickness and Composition of a Multi-element Film
As will be discussed in Chapter 5 of this dissertation, thin films of catalyst powder
deposited on a planar Si substrate were characterized in EPMA. Therefore, this section
will cover X-ray microanalysis for determining thickness and composition of a multielement film. As discussed in the previous sections, the experimental 𝑘 values provide
the basis for an effective estimate on the composition and thickness. Note, the raw 𝑘
values may be used to determine the concentrations in the film if the film and substrate
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do not share the same characteristic X-rays (e.g., the same element). The raw 𝑘 values for
the film may be normalized by the raw sum to give an estimate on the concentrations:
𝐶𝑖,𝑓𝑖𝑙𝑚 =

𝑘𝑖,𝑓𝑖𝑙𝑚
∑𝑗 𝑘𝑗,𝑓𝑖𝑙𝑚

(2.30)

where the summation represents the total 𝑘 value for all the components in the film, 𝑗.
Oxygen is calculated by the method of assumed stoichiometry, if desired.

2.8 Wavelength-Dispersive X-ray Spectroscopy
Wavelength-dispersive X-ray spectroscopy (WDS) is the principle mode of X-ray
measurements for EPMA.17 Compared to EDS, WDS provides superior energy resolution
(often better by a factor of 10) and high count rate capability without compromising
energy resolution. The energy resolution may often be 50,000 counts per second better on
the peak of interest. WDS also provides higher peak to background ratios to improve
detection limits. WDS is also better at detecting light elements (minimum Z = 4, Be) by
careful choice of the analyzing crystal.12 However, the WDS was an inefficient addition
to the TEM and never attained general acceptance by TEM users due to the tiny fraction
of X-rays collected. Another reason is that WDS only collects a single wavelength, λ, at
any time while the EDS detects X-rays over a large range of energies.
A small portion of X-rays generated from the sample impinge on an analyzing
crystal, which consists of a regular array of atoms. A crystal is oriented such that a
selected crystallographic plane of these atoms is parallel to its surface.17 Therefore, for a
particular spacing, 𝑑, and wavelength, 𝜆, there exists an angle, 𝜃 at which the X-rays are
strongly scattered. The following relation is known as Bragg’s Law as described
previously for XRD:
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𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)

(2.31)

where 𝑛 is an integer, 1,2,3,…Bragg’s law models an X-ray that is in the form of a plane
wave. The plane is reflected from parallel crystals that are a distance, 𝑑, apart. The lower
plane wave travels a longer distance of 2𝑑𝑠𝑖𝑛𝜃. Constructive interference occurs if this
distance is equal to an integral number of wavelengths, 𝑛. The WDS spectrometer
consists of the X-ray point source, the specimen, the analyzing crystal, and the detector
constrained to move around the “focusing circle” with radius R. Note the crystal planes
are bent to a radius of curvature of 2R where the surface of the crystal is also ground to a
radius of curvature, R. This geometry allows X-rays originating from the point source to
have the same incident angle, θ on the crystal. As a result, the X-rays will be brought to a
focus on the same point on the detector, maximizing the overall collection efficiency of
the spectrometer without sacrificing good wavelength resolution. A schematic describing
the WDS spectrometer is shown in Figure 2.13.
Electron Probe

Crystal
θ

θ
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Focusing
Circle

X-rays
R

Sample
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Figure 2.13. Focusing wavelength spectrometer in WDS. R is the radius of the
focusing circle. θ is the diffraction angle. L is the distance from the sample to the
crystal.
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2.9 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a quantitative technique that measures
the elemental composition and/or the speciation of the outer 1-10 nm solid substrates.
Hence, the technique is highly surface sensitive. XPS is a popular technique due to its
ability in the following aspects: (a) the ability to identify and quantify the elemental
compositions of the outer 10 nm or less of solid surfaces ranging from Li-U. The
elements of interest must contain >0.05 atomic %. Note H and He are not detectable due
to their extremely low photoelectron cross sections and the fact that XPS is optimized to
analyze core electrons. (b) XPS reveals the chemical environment where elements exist
in. In other words, XPS reveals the speciation of the respective elements observed. (c)
With XPS, one may obtain the aforementioned information with relative ease and
minimal sample preparation. Surface studies are important for several reasons: a variety
of processes begin at a surface such as catalysis, adsorption, corrosion, self-assembly, and
adhesion; In many cases the surface is exposed to an atmosphere or other media to which
the bulk material is not exposed; Surfaces are frequently more reactive than bulk
material.

Figure 2.14. Schematic cross section of a strand of human hair showing the scale at
which elemental analysis is performed with XPS.19
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Photoelectron production is a single step process. An initially bound electron to
an atom/ion is ejected by a photon. Note photons are a massless (zero rest mass) and
chargeless package of energy and are therefore annihilated during interactions with
electrons. As a result, complete energy transfer occurs. If the energy of the photon is
sufficient, it will result in the emission of the electron from the atom/ion as well as the
solid. Note, emission of the electron from the solid will depend on the depth. The electron
kinetic energy (KE) that remains is the measured quantity. This information is useful
since the KE is characteristic of the species and is a function of the electron binding
energy (BE). The BE is specific to the element and environment. A schematic showing
the photoelectron emission process from oxygen present within a silicon wafer bearing a
native oxide is shown in Figure 2.15.19
Photoelectron
Auger Electron
X-ray
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O-2s
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Subsequent Emission

Initial Emission

Figure 2.15. Schematic example of the photoelectron process and a subsequent
Auger de-excitation process for oxygen present within a silicon wafer bearing a
native oxide.
Note, although the KEXPS is the quantity recorded in XPS, it is the derived BEXPS that is
used to construct the energy spectrum. Therefore, the derived BEXPS is used to construct
the spectrum since the KEXPS is dependent on the X-ray energy, whereas the BEXPS is not.
The quantities are related by the following expression (Einstein 1905).19
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𝐵𝐸𝑋𝑃𝑆 = 𝐸𝑝ℎ − (𝜑𝑋𝑃𝑆 + 𝐾𝐸𝑋𝑃𝑆 )

(2.32)

Where 𝐸𝑝ℎ is the photon energy. Note that 𝜑𝑋𝑃𝑆 is the work function of the instrument,
not the sample. This is included since it represents the minimum energy required to
remove an electron from the instrument on the assumption that a conductive sample in
physical contact with the instrument is analyzed. The escape probability of electrons from
the solid, 𝑃, is defined as
𝑃= 𝑒

−

𝑑
𝜆

(2.33)

where 𝑑 is the thickness. 𝜆 is the inelastic mean free path which each particle makes on
average between collisions. Note that the probability of electrons escaping the solid
decreases with increasing thickness. Therefore, the short inelastic mean free paths of
electrons within the solid make XPS a surface sensitive technique.
An XPS instrument primarily consists of three components: (a) an X-ray source
(b) extraction optics and energy filter (c) detection system. The environment within the
instrument must be able to provide the following conditions: (a) photoelectron and Auger
electron emissions are not affected by any external electrostatic or magnetic fields. (b)
The emitted electrons are able to traverse the region between the sample and the detector
(~1 m in distance). (c) The sample from which the emission occurs must not be modified
in any form or fashion. It is very important to perform XPS under ultrahigh vacuum
(UHV) conditions (10−7 − 10−10 Pa) since too much pressure in the system will slow
the amount of emitted electrons to be detected. The mean free path, 𝑑𝑀𝐹𝑃 for electrons in
gas is described by the relation below as shown by van der Heide.19
𝑘𝐵 𝑇
𝑑𝑀𝐹𝑃 = 7.5 × 103 (
)
√2𝜋𝑟 2 𝑝
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(2.34)

Where the 𝑑𝑀𝐹𝑃 is in units of centimeter, 𝑘𝐵 is Boltzmann’s constant, 𝑇 is temperature, 𝑟
is the radius for a spherical particle, and 𝑝 is the pressure. Note pressure and mean free
path are inversely proportional. The plumbing used in XPS comprises of multiple pumps,
valves, tubing (plumbing), and vacuum gauges. An example of a typical vacuum system
is displayed in in Figure 2.10 taken from van der Heide.19 As shown in Figure 2.10,
vacuum pumps can be broadly subdivided into three groups19: (1) positive displacement
pumps (2) momentum transfer pumps (3) entrapment pumps. Positive displacement
pumps evacuate from atmosphere pressure ~10-3 Torr and support momentum transfer
pumps. The most commonly used positive displacement pumps found on an XPS
instrument are rotary vane pumps. Momentum transfer pumps provide a vacuum down to
10-10 Torr for chambers that have been previously evacuated to within the 10-3 Torr
range. The most commonly used momentum transfer pumps found in an XPS are
turbomolecular pumps. Lastly, entrapment pumps are self-contained units, meaning they
do not require any other pumps. The pumps are capable of producing vacuum down to
10-10 Torr. The role of the entrapment pump is to trap or condense gas-phase molecules
into the solid state or by ionizing and accelerating these molecules into a solid. The most
common entrapment pump found in state of the art XPS instruments are ion pumps with
titanium sublimation pumps often added. Ion pumps are operated continuously in order to
sustain UHV conditions whereas sublimation pumps are operated in an intermittent
fashion to allow improvement in vacuum conditions. A combination of displacement and
momentum transfer pumps is required for the initial pumpdown of ion and sublimation
pumps since neither could be operated at pressures greater than ~10-5 Torr.
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Figure 2.16. Schematic of the vacuum plumbing used in a typical XPS system.19
Monochromatic sources are typically used to provide X-rays19 for the XPS
instrument. However, some systems use standard sources and synchrotron sources which
will not be described in this dissertation. Monochromatic sources typically consist of an
Al anode which is water cooled. Energetic electrons are accelerated towards the Al anode
and produce X-rays due to inelastic interactions with core electrons of Al. The X-rays are
then reflected off a concave single crystal as illustrated in Figure 2.17

Figure 2.17. Schematic showing the monochromatic source geometry.19 The insets
show the diffraction criteria. Only those X-rays with specific energy (e.g.
wavelength, 𝝀) will reflect off a crystal at some specific angle defined by the crystal
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lattice spacing (Bragg relation). Note, reflection only occurs when constructive
interference between two waves arises.
Commercially available XPS instruments use quartz crystals since they are relatively
inert under atmospheric conditions (e.g. surface modification or buildup of surface
adsorbates is not noted). Quartz single crystals are also UHV compatible, meaning they
do not degrade or outgas.
Electron sources are used in XPS as the cathode within X-ray tubes. Thermionic
sources are the most commonly used electron source in commercially available XPS
instruments. Thermionic sources provide electrons by heating a material to the point
where the bound electrons have enough energy to overcome the material’s work function.
The electrons are accelerated towards the anode upon ejection into the vacuum by an
applied electric field. The two primary electron sources in use are tungsten (W) filaments
and lanthanum-hexaboride (LaB6) crystals.
As mentioned above, XPS information is derived by the 𝐾𝐸𝑋𝑃𝑆 of the electron
emissions. Therefore, an energy filter is required for effective speciation analysis. The
energy filter must exhibit a high-energy resolution and a high transmission.19 The former
allows for the separation of closely spaced peaks while the latter for sensitivity to be
maximized. The primary energy filter configuration which is commonly used in modern
XPS instruments is a concentric hemispherical analyzer (CHA). A schematic of the
energy filter is shown in Figure 2.18 taken from van der Heide.19
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Figure 2.18. Schematic showing the concentric hemispherical analyzer (CHA).19
The CHA consists of two concentric hemispheres (180o) one inside the other with radius,
𝑅𝑖𝑛 and 𝑅𝑜𝑢𝑡 respectively. The path of photoelectrons from the sample and arriving at the
detector forms lines tangential to the average of 𝑅𝑖𝑛 and 𝑅𝑜𝑢𝑡 at either ends of the
hemispheres. The electrons are deflected at some specific 𝐸0 onto the detector when
specific potentials are applied to the hemispheres. The potentials scale as
𝑅𝑒𝑙
𝑉𝑖𝑛 = 𝐸0 [3 − 2 ( )]
𝑅𝑖𝑛

(2.35)

𝑅𝑒𝑙
𝑉𝑜𝑢𝑡 = 𝐸0 [3 − 2 (
)]
𝑅𝑜𝑢𝑡

(2.36)

Where 𝑅𝑒𝑙 is the average radius equal to (𝑅𝑜𝑢𝑡 + 𝑅𝑖𝑛 )⁄2.
The energy resolution in XPS (∆𝐸) is defined as that resulting from the
convolution of three parameters. These being (1) the full width at half maximum
(FWHM) of the source (∆𝐸𝑝 ) (2) the line width of the of the photoelectron emission
(∆𝐸𝑛 ) and (3) the energy resolution of the energy analyzer (∆𝐸𝑎 ). ∆𝐸 equates to
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2

∆𝐸 = [(∆𝐸𝑝 ) + (∆𝐸𝑛 )2 + (∆𝐸𝑎 )2 ]

(2.37)

The FWHM of the source (∆𝐸𝑝 ) are dependent on the photon source used. ∆𝐸𝑛 values
vary over a large range extending from <0.1 to >1.0 eV.
In order to obtain the best possible sensitivity, the detector must be capable of
recording individual electrons in pulse counting mode. The signal is recorded in units of
current (A) which are then represented in units of counts per second.

2.10 Model Catalyst Design and Benefits
The model catalysts utilized in this dissertation were designed by Moodley et al.20
at Eindhoven University of Technology. Figure 2.19 shows a schematic for the top view
of the silica TEM grids which have dimensions of 2×2 mm2. The grids have a 100 × 100
μm2 electron transparent window at the center that is composed of silicon nitride film
which is 15 nm thick. The film forms about a 3 nm thick SiO2 surface layer during
heating under oxidizing conditions.
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Figure 2.19. Schematic showing the geometry of the silicon model TEM grids
developed by Moodley et al.20 The grids are 2×2 mm2 in dimension and contain an
electron transparent membrane window at the center that is composed of silicon
nitride. The thickness of the film is 15 nm and forms a 3 nm thick surface of SiO 2
during aging under oxidizing conditions.
Model catalysts are beneficial for sintering and emission studies since it allows the user
to study the same region of the membrane before and after treatments. This provides
insights into nanoparticle evolution. One may also heat these model catalysts to high
temperatures without damaging the silicon wafer or the thin electron transparent window.

2.10 Metal Loading onto Model TEM Grids
High purity Pt and Pd material (99.99% each) was deposited onto the model TEM
grids using electron beam evaporation, which is a physical vapor deposition technique. 10
kV electrons impinge on the material and heat it up until the vapor pressure of the metal
is significant enough to cause evaporation. The emitted atoms are used for the deposition.
Note this process occurs in a vacuum (system pressure was 5×10-7 Torr or lower). The
vapor travels by line of site until it collides with a cold surface such as the model TEM
grid and condenses. The metal film thickness was controlled by a quartz crystal
microbalance, while the rate was maintained at 0.4 Å/s.
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Chapter 3
Regenerative Trapping: How Pd Improves the Durability of Pt Diesel
Oxidation Catalysts
This work has been published in the journal of Applied Catalysis B: Environmental

3.1 Introduction
The USDRIVE Low Temperature Oxidation Catalyst Test Protocol recommends
an accelerated aging procedure at 800 oC for diesel oxidation catalysts (DOC).21
However, at elevated temperatures (e.g., 800 oC), Pt sinters readily to form large
particles. Adding Pd improves the durability of the catalyst but the mechanism by which
this occurs is not well understood.22 At 800 oC in the presence of oxygen Pt forms
volatile PtO210 with significant vapor pressure, which is responsible for its vapor phase
ripening.23,24 Whereas under the same conditions, Pd forms a thermodynamically stable
oxide of PdO with a low vapor pressure.25,26 Morlang et al. reported an EXAFS study of
Pt-Pd/Al2O3 catalysts and determined that Pd exists in both oxide and metallic form when
heated under oxidizing conditions.27 The authors proposed two possible scenarios for the
location of PdO in a bimetallic catalyst; the first is that a shell of PdO surrounds the Pt-Pd
particles which could block mobile Pt species from being emitted, and the second is that
the PdO is present as an isolated phase. However, an HRTEM study of Pt-Pd catalysts
aged in air did not find a surface layer of PdO on the Pt-Pd particles.28,29 It is also known
that the NO oxidation activity measured over Pt-Pd catalysts does not support a core-shell
model.22 This is because Pt-Pd catalysts show NO oxidation activity per Pt site that is
comparable to metallic Pt despite the fact that PdO is not active for NO oxidation.
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Therefore, the PdO is not likely to be present on the catalyst surface in a core-shell
configuration, blocking the active sites, but rather as a separate phase.
The presence of Pd in the Pt-Pd alloys would cause a lowering of the vapor
pressure of PtO2 when heated in air, as shown by Darby and Myles.30 The extent of vapor
pressure lowering would depend on the composition of the Pt-Pd alloy in the aged DOC
catalyst. Chen and Schmidt showed that the Pt-Pd system should exist as a combination
of the FCC metallic phase and PdO.31 From their data, it would appear that at 750 oC in
air we should expect biphasic particles. But in our previous work23,29 we observed
metallic Pt-Pd particles over a broad range of compositions, with very few biphasic
particles. Since DOC aging is done at 800 oC in air, we feel it is important to establish the
composition of the FCC Pt-Pd metallic phase that is in equilibrium with PdO in this
study. This will help determine the extent of lowering of the vapor pressure caused by Pd.
Therefore, one of the goals in the present study is to determine the upper limit of Pd
content that maintains Pt-Pd nanoparticles in metallic form under oxidizing conditions.
Another mechanism involved in enhancing the durability of Pt catalysts is atom
trapping. Very simply, aging a physical mixture of Pt catalysts with either ceria32 or with
PdO33 causes the PtO2 species to be trapped by the oxides, which in turn leads to a
decrease in Pt sintering rate. We demonstrated this clearly in a model catalyst where
generation of Pt nanoparticles in the proximity of PdO caused alloying and formation of
metallic Pt-Pd particles upon heating in air at 650 oC for 2 min.33 In a previous study, it
was also demonstrated that the presence of Pd lowered the emission of PtO2 to the vapor
phase.23 Clearly the atom trapping mechanism as well as the lowering of the vapor
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pressure of Pt could both contribute to the enhanced durability of Pt-Pd catalysts. A
systematic study is needed to determine the relative contributions of these two processes.
In this work we have examined independently the effect of both mechanisms:
lowering of the PtO2 vapor pressure and trapping of mobile Pt species. Model catalysts
were used to measure the rates of PtO2 emission. By varying the O2 pressure we can
decrease the rate of emission of PtO2 from a Pt-only model catalyst until it becomes equal
to that from a Pt-Pd model catalyst. Having established similar vapor pressures, those
conditions were used to age powder catalysts at 800 oC. Over a broad range of
compositions, we find only metallic Pt-Pd in the aged samples. By adding excess Pd to
the catalyst, we introduce a separate PdO phase which helps to trap mobile Pt. The
catalysts that contain excess PdO exhibit the smallest Pt-Pd particle sizes showing the
importance of regenerative trapping in this catalyst system.

3.2 Experimental
3.2.1 Catalyst Preparation & Aging
Pt and Pt-Pd Model Catalysts
The model catalysts used in this study were silicon wafer model TEM grids (4
mm2) which were developed by Moodley et al. at Eindhoven University of Technology.20
Samples contain a 100 × 100 µm2 electron transparent membrane film at the center that
is 15 nm thick. The membrane film is composed of SiO2/SiNx which forms ~3 nm surface
oxide at the top and bottom of the film upon heating in air. A side view schematic and
SEM image showing the top of the model TEM grids may be seen in Figures 3.1a and
3.1b. Pt and Pd metals were deposited directly onto the surface of the model TEM grids
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using 10 kV Temescal electron beam evaporator equipped with a high vacuum cryopumped system. The system was pumped to a base pressure of 1 × 10-7 Torr prior to
depositions. The equivalent metal film thicknesses were controlled by a quartz crystal
microbalance (QCM) and the deposition rates were controlled to 0.03 Å/s. A continuous
film was not formed during deposition because these transition metals are non-wetting on
oxide surfaces at very low loadings. Hereafter we will refer to the Pt and Pt-Pd metals
supported on the SiO2/SiNx as “Pt/SiO2” and “Pt-Pd/SiO2”, respectively for simplicity.
The model catalysts were pretreated prior to metal emission experiments in order
to allow the deposited films to de-wet and form nanoparticles. The pretreatments were
also performed in order to stabilize nanoparticle sintering and to begin with the same
initial particle size/fractional surface area between Pt and Pt-Pd. The pretreatments were
performed by placing the samples in an open boat and heating in a tube furnace. Pt/SiO 2
samples were pretreated in flowing air (100 sccm) at 650 oC for 30 min whereas PtPd/SiO2 samples were pretreated in flowing 7% H2 (100 sccm) at 700 oC for 20 min. The
H2 pretreatment was needed to increase the mean particle size to make it comparable to
that of Pt/SiO2.
Metal emission studies were performed at 800 oC under flowing gas at 100 sccm.
The same tube furnace and open boat geometry were used as described above for the
pretreatment procedure. Since the vapor pressure of PtO2 is very high at 800 oC (1.6 ×
10-3 Pa), we were able to sweep the volatilized Pt away with flowing gas during aging
(Figure 3.1c). This was the method used by Alcock and Hooper to determine the nature
of the Pt volatile oxide.10 Therefore, it was very important to keep the gas flow rate
constant during every aging experiment since the extent of Pt emission depends on the
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rate of “sweeping”. The furnace was ramped up to and stabilized at 800 oC prior to
inserting a sample and thermocouple in order to age for precise times. The sample was
immediately taken out after aging for the desired time and characterized with electron
probe microanalysis (EPMA) and transmission electron microscopy (TEM).

a

Moodley et al., Catalysis Today, 154, (2010), 142-148

c

SiO2 /SiNx/ SiO2
membrane

Flow in

Flow out

PtO2
NP

Support

b

d

HITACHI S5200

JEOL SUPERPROBE JXA-8200

Membrane (100 x 100 μm2)

Powder

Figure 3.1. (a) Side view schematic of the silicon model TEM grid taken from
reference number 20 (b) Low magnification SEM image with JEOL Superprobe
JXA-8200 showing the top view of the model TEM grid with the 100 × 100 μm2
SiO2/SiNx/SiO2 electron transparent membrane located at the center (c) Schematic
of the method to evaporate and sweep away metal from the model TEM grids in
order to measure emission rates (d) Hitachi S5200 SEM image showing the powder
catalyst deposited on a blank model TEM grid. This was the method used in EPMA
to quantify weight loadings for Pt/La-Al2O3 and Pt-Pd/La-Al2O3 powder catalysts.
La-Al2O3 Supported Pt, Pd, and Pt-Pd Powder Catalysts
Monometallic 1.6 wt% Pt/La-Al2O3 and 5.6 wt% Pd/La-Al2O3 catalysts were
synthesized via incipient wetness technique. The monometallic Pt catalyst was
synthesized with a chloroplatinic acid (H2PtCl6) precursor that was introduced to a
58

lanthanum-stabilized alumina (La-Al2O3) powder after having been diluted with deionized water. The monometallic Pd catalyst was made in the same manner using a
Pd(NO3)2 precursor. The slurries were dried overnight and calcined at 550 oC for 2 hr. 1.3
wt% Pt-Pd/La-Al2O3 (1.1 wt% Pt/0.2 wt% Pd) catalysts were synthesized with Pd(NO3)2
and H2PtCl6 precursors and were impregnated in the same manner as the monometallic
catalysts. In order to make the Pt-Pd powder catalysts, a 1Pt:0.33Pd catalyst was prepared
first. Catalysts with varying Pd concentrations were then synthesized by adding Pd by
means of additional Pd(NO3)2 precursor to the initial bimetallic batch (1Pt:0.33Pd). All
powder samples were calcined at 550 oC for 2 hr. In this series of catalysts, the amount of
Pt is kept constant (1.1 wt%) while the amount of Pd is changed to go from 1Pt:0.33Pd to
1Pt:9Pd. Weight loadings were determined with EPMA in which powders were deposited
onto blank model TEM grids. The catalysts were first crushed in a mortar and pestle and
dispersed in ethanol. A drop of the solution was then placed on a blank model TEM grid
which allowed for characterization of the powder in EPMA. An image of the resultant
powder deposition is shown in Figure 3.1d. A summary of the Pt-Pd catalysts
investigated in this study is shown in Table I.
Table I
Summary of Pt-Pd/La-Al2O3 powder catalysts with various Pt:Pd atomic ratios.
Sample Name
1Pt:0.33Pd
1Pt:1Pd
1Pt:1.5Pd

Atomic Ratio Pt:Pd
1:0.33
1:1
1:1.5

Pt-Pd Loading (wt%)
1.3
1.5
1.7

Pd At%
25
50
60

1Pt:3Pd
1Pt:6Pd
1Pt:9Pd

1:3
1:6
1:9

2.5
5.1
6.8

75
85
90

The powder catalysts were aged in the same tube furnace and open boat geometry
used for the model catalysts. The boat was loaded with 200 mg of the catalyst and the
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aging was performed at 800 oC for 10 hr with flowing gas fed at 100 sccm. 1.6 wt%
Pt/La-Al2O3 catalysts were aged at various oxygen concentrations ranging from 0-21%
O2. Note that 0% O2 concentration corresponds to aging in N2 and 21% O2 corresponds to
aging in air. The O2 concentrations were varied by mixing air with nitrogen while holding
the total flow rate constant at 100 sccm. 5.6 wt% Pd/La-Al2O3 and Pt-Pd/La-Al2O3
catalysts were aged in flowing air. Particle sizes were characterized after aging with Xray Diffraction (XRD) and TEM.

3.2.2 Catalyst Characterization
Transmission Electron Microscopy
Transmission electron microscopy (TEM) was performed at 200 kV using a JEOL
2010 FEG (Field Emission Gun) TEM/STEM equipped with an Oxford energy dispersive
X-ray spectroscopy (EDS) detector. Particles were counted using high-angle annular dark
field (HAADF) scanning transmission electron microscopy (STEM) images. HAADFSTEM was performed using a 0.5 nm probe under high resolution mode. The volume
average diameter, 𝑑𝑣 was determined by the relation 𝑑𝑣 =

∑ 𝑛𝑖 𝑑𝑖4
∑ 𝑛𝑖 𝑑𝑖3

. Inter-planar spacings of

Pt-Pd nanoparticles in the model catalysts were measured under high-resolution TEM
(HRTEM) mode. The composition of Pt-Pd nanoparticles in the model catalysts was
studied with single-particle EDS using a 1 nm probe diameter in the analysis mode in the
HAADF-STEM. All TEM images and EDS data were analyzed using Digital Micrograph
and Oxford INCA software.
Electron Probe Microanalysis
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Metal concentrations were quantified with an electron probe microanalyzer
(EPMA). EPMA was performed using wavelength dispersive X-ray spectroscopy (WDS)
with a JEOL JXA-8200 SuperProbe operated at 10 kV with a 10 µm probe diameter and
30 nA probe current. The change in metal concentrations after aging model catalysts was
determined by calculating the equivalent film thickness using GMRFilm software.18
Based on thin film calculations performed with the GMRFilm, metal films under ~75 Å
were deposited with electron beam evaporation so as to remain in the region in which the
X-ray intensities (K-ratios) scale linearly with film thickness. The thin film setup used in
the GMRFilm calculations is described in the supplemental information (SI) along with
the definition of K-ratios and standards used for elemental analysis (Figure A1 in
Appendix A). K-ratios were obtained over several regions of the sample where the
average K-ratio found in the experiment was used to determine the equivalent metal film
thickness. See Figure A1 in Appendix A for the equations relating film thickness to Kratios. The standards used for elemental analysis of the La-Al2O3 supported Pt, Pd, and
Pt-Pd powder catalysts are shown in Table I of the SI.
X-ray Diffraction
X-ray diffraction patterns for aged Pt/La-Al2O3, Pd/La-Al2O3, and Pt-Pd/La-Al2O3
powder catalysts were obtained with a Rigaku Smart Lab system equipped with a D/teX
X-ray detector. The Cu anode and a Ni filter were operated at 40 kv and 40 mA and the
samples were irradiated over the 2𝜃 range of 5 to 150 in steps of 0.02 degrees. The
crystallite sizes were estimated with Jade software by applying the Williamson-Hall
method16 and Scherrer equation, 𝜏 =

𝐾𝜆
𝛽𝑐𝑜𝑠𝜃

with 𝐾 = 0.9 and 𝜆 = 1.5406 Å. The

diffraction peaks were fitted with a Pseudo-Voigt function.
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3.2.3 Reactivity Measurements
CO Oxidation
CO oxidation activity of the aged Pt/La-Al2O3 catalyst was measured in a U-tube
stainless steel reactor which was heated in a high temperature oven. Light-off curves
were obtained at a ramp rate of 2 oC/min from 25 to 300 oC. The gas composition was 1.9
vol% CO and 1.3 vol% O2 balanced by He at a gas hourly space velocity (GHSV) of
77,500 h-1. The gases were injected every 3 min and analyzed with a Varian CP-4900
Micro Gas Chromatograph.

3.3 Results
Metal Emission from Model Catalysts
Monometallic Pt/SiO2 was prepared by depositing 366 pm Pt onto model TEM
grids via electron beam evaporation. Following depositions, the samples were pretreated
in flowing air (100 sccm) in a tube furnace at 650 oC for 30 min. Note, that the “initial”
sample refers to the state after the pretreatment (Figure 3.2a). The emission of Pt was
studied in flowing air (100 sccm) at 800 oC after aging for desired lengths of time. The
number of Pt particles dropped significantly (1542  129 particles/μm2) after aging for
just 1 hr in flowing air at 800 oC (Figures 3.2a, 3.2b, and 3.2e). HAADF-STEM images
of Pt/SiO2 after each aging duration may be referenced in Figures A2a-d of Appendix A.
Note that the shape and peak position of the Pt particle size distribution (PSD) in Figure
3.2e did not change significantly during aging (mean particle sizes remains between 5-10
nm). This indicates that Ostwald ripening (and associated Pt particle growth) was not
involved to a significant degree, but rather the sweeping of volatilized Pt by the flowing
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air caused a loss of Pt from the sample and a drop in the number of Pt particles. As will
be shown below, however, the vapor phase mediated ripening of Pt is significant in
powder catalysts in the presence of O2 at 800 oC, which leads to the formation of large
particles. Formation of large particles was not observed in the model catalyst since it is an
open system and any volatilized metal is swept away by the flowing air rather than
contributing to ripening.
The role of Pd on the emission of Pt was studied by preparing Pt-Pd/SiO2 model
catalysts in a similar manner via electron beam evaporation. The initial catalyst contained
a nominal 1Pt:1Pd atomic ratio which was co-deposited. The actual amounts deposited
correspond to 170 pm of Pt and 184 pm of Pd. Therefore, the Pt-Pd/SiO2 catalyst
contained about half of the Pt that was present on the monometallic Pt/SiO2 sample. Both
samples had comparable initial amounts of total metal (~ 360 pm). The Pt-Pd/SiO2 model
catalyst was pretreated in flowing 7% H2 (100 sccm) at 700 oC for 20 minutes (Figure
3.2c) and this resulted in an initial particle size of 6.3 ± 0.1 nm that was comparable to
that of the monometallic Pt particles of 6.8 ± 0.2 nm (Figure 3.2a). Metal emission
measurements from the bimetallic Pt-Pd/SiO2 sample were performed at 800 oC in the
same manner as the monometallic Pt/SiO2 sample. Clearly, fewer Pt-Pd particles
disappeared (2300  975 particles/μm2) after aging in flowing air at 800 oC for 1 hr
(Figures. 3.2c, 3.2d, and 3.2e). Notice that the disappearance of particles is accompanied
by some degree of particle growth, consistent with Ostwald ripening, as evidenced by the
PSD shown in Figure 3.2e. See Figures A2e-i in Appendix A for HAADF-STEM images
of Pt-Pd/SiO2 after each aging duration.
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The equivalent metal film thicknesses for Pt/SiO2 and Pt-Pd/SiO2 samples were
measured with EPMA after aging for several durations in flowing air at 800 oC (Figure
3.2f). As was observed in the Pt PSD (Figure 3.2e), significant Pt was lost to the vapor
phase and swept away, giving rise to the decrease in Pt film thickness (Figure 3.2f). If the
rate of Pt emission was proportional to the remaining amount of Pt, we would expect a
first-order process leading to an exponential dependence on time. Instead, we found that
the Pt emission followed a zero-order process with a constant emission rate of 4.7
pm/min. We postulate that a boundary layer of volatile PtO2 is at equilibrium with the
metal and hence, the emission rate depends only on the vapor pressure of PtO2. A similar
approach was used in the work of Alcock and Hooper10 who pointed out that as long as
the flow rate of gas was low, the rate of Pt emission was directly proportional to the flow
rate and the concentration of Pt in the vapor phase (which is related to its vapor pressure).
Our experimental conditions with a low flow rate of gas which was kept constant in all
the experiments, resemble those of Alcock and Hooper10. Adding Pd lowered the
emission of Pt by 72% in the Pt-Pd sample during aging (Figure 3.2f). No loss of Pd was
observed, however, because the vapor pressure of PdO (2 × 10-7 Pa at 1 atm) is four
orders of magnitude lower than that of PtO2 (1.6 × 10-3 Pa at 1 atm).10,25,26 However, we
see some ripening of the Pt-Pd particles causing an overall increase in average Pt-Pd
particle size (Figures. 3.2c, 3.2d, and 3.2e), as was also observed in our previous study.23
It is interesting to note that the extent of Pt emission reduction in the Pt-Pd/SiO2 sample
was greater than expected based on the assumption of an ideal solution of Pt and Pd in
the alloy. One would expect the emission of Pt to be decreased by 50% given the initial
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1Pt:1Pd atomic ratio in the Pt-Pd/SiO2 catalyst. Results of single-particle EDS and
HRTEM presented in the next section help rationalize this observation.
Pt/SiO2

a

Pt-Pd/SiO2
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Pt: 47
Pd: 53

c
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Pt-Pd

x3
x3
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Figure 3.2. Aging of Pt/SiO2 and Pt-Pd/SiO2 model catalyst in flowing air (100 sccm)
at 800 oC (a) HAADF-STEM image of the initial state of Pt/SiO2 (b) HAADF-STEM
image after aging Pt/SiO2 for 1 hr (c) HAADF-STEM image of the initial state of PtPd/SiO2 (d) HAADF-STEM image after aging Pt-Pd/SiO2 for 1 hr (e) Evolution of
the Pt/SiO2 and Pt-Pd/SiO2 particle size distribution during aging. Note the Pt PSD
was multiplied by a factor of 3 for 20 min and 60 min aging in order to see the PSD
more clearly (f) Equivalent metal film thickness vs aging time on stream as
determined by EPMA.

Aging-Induced Changes in Microstructure of Pt-Pd/SiO2 Model Catalysts
As Pt was lost, Pt-Pd particles became rich in Pd (Figure 3.3a) and caused the
formation of biphasic particles that were detected in the sample after aging for 1 hr
(Figure 3.3b). Therefore, the microstructure of Pt-Pd nanoparticles in the model catalyst
was studied with single-particle EDS and HRTEM to understand the changes in
morphology/composition during aging and how they may affect the emission of Pt.
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Single-particle EDS after 1 hr of aging (Figure 3.3a) showed that Pt-Pd particles
contained about 25-30 at% Pt which compared well with the overall atomic ratio
determined in EPMA. Lattice spacing analysis via HRTEM after aging for 1 hr revealed
that PdO grew forming a coherent interface with Pt-Pd (Figure 3.3b). PdO (101) grew
epitaxially with Pt-Pd (111) as previously seen by Kan and Weaver34 with Pd (111). See
Figure A3 and Figure A4 in Appendix A for more images of PdO (101) growing
epitaxially with Pt-Pd (111) and more single-particle EDS. The individual particle
compositions were different from the overall sample composition after aging for 2 hr due
to the existence of a pure PdO phase in addition to Pt-Pd (Figure 3.3c). Some spherical
particles contained around 25-30 at% Pt while others contained only Pd and the particles
seemed to taper with a metallic core at the end of the tail. We suspect as Pt is lost and the
PdO phase segregates, the particle will shrink in size and move on the surface causing the
appearance of a tail. The particles that tapered left behind PdO with a lower contrast than
the tip/core that contained ~25-30 at% Pt (Figure 3.3c). HRTEM analysis after aging for
2 hr revealed the tails were PdO with 2.6 and 2.1 Å lattice spacings corresponding to the
PdO (101) and PdO (110) planes, respectively (Figure 3.3d). More HRTEM analysis after
aging for 2 hr may be seen in Figure A4 of Appendix A. The observations suggest that a
coherent interface between Pt-Pd (111) and PdO (101) is possible but is only seen when
there is a well-defined Pt-Pd (111) surface facet. The 25-30 at% Pt in the core of
nanoparticles is in line with the earlier observation that Pt emission was lowered by
~72% in the bimetallic Pt-Pd/SiO2 sample compared to the Pt/SiO2 sample. Furthermore,
single-particle EDS and HRTEM showed no evidence of a PdO shell surrounding the
bimetallic Pt-Pd nanoparticles as previously shown by Gremminger et al.35 Therefore, we
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conclude that the lowering of Pt emission is caused primarily by the formation of a Pt-Pd
alloy and our results suggest that the upper limit of Pd concentration that is stable in the
Pt-Pd metallic phase at 800 oC in air is ~70%, which is consistent with the phase diagram
proposed by Chen and Schmidt.31
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Figure 3.3. Microstructure evolution of the Pt-Pd/SiO2 model catalyst during aging
in flowing air (100 sccm) at 800 oC (a) HAADF-STEM image of Pt-Pd/SiO2 model
catalyst after aging for 1 hr. Color coded boxes and text show which particles were
analyzed in single-particle EDS along with Pt and Pd concentrations (b) HRTEM
image of Pt-Pd/SiO2 model catalyst after aging for 1 hr. Insets are color coded fast
Fourier transforms (FFTs) for corresponding particles showing the lattice plane
orientation and spacings (c) HAADF-STEM image of Pt-Pd/SiO2 model catalyst
after aging for 2 hr. Color coded boxes and text show which particles were analyzed
in single-particle EDS along with Pt and Pd concentrations (d) HRTEM image of PtPd/SiO2 model catalyst after aging for 2 hr. FFT insets are color coded with each
particle showing the lattice plane orientation and spacings.
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Effect of O2 Concentration on the Emission of Pt in the Pt/SiO2 Model Catalyst
The effect of oxygen concentration (0-21% O2) on the emission of Pt from the
monometallic Pt/SiO2 model catalyst was studied during aging at 800 oC for 1 hr. Our
results in Figure 3.4 show that decreasing the O2 concentration lowered Pt emission rates.
We found that the emission rate of PtO2 from the Pt/SiO2 sample aged in 5.5% O2 was
comparable to the rate at which PtO2 was lost from the bimetallic Pt-Pd/SiO2 sample aged
in air (21% O2).

Figure 3.4. Effect of O2 concentration on the emission of Pt in Pt/SiO2 model
catalysts. Normalized Pt film thickness (final thickness/initial thickness) is plotted
against aging time on stream. Aging was done in a mixture of flowing air + N 2 (100
sccm) at 800 oC.

Effect of O2 Concentration on the Sintering of the Pt/La-Al2O3 Powder Catalyst
The effect of vapor pressure on the sintering of Pt in a 1.6 wt% Pt/La-Al2O3
catalyst was studied by varying the O2 concentration from ~0% O2 (99.99% N2) to 21%
O2 (air). The “initial” sample in Figure 3.5a refers to the catalyst after calcination at 550
o

C for 2 h. No peak was observed in the Pt (111) region due to sub-nanometer sized Pt
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particles as can be seen in Figure 3.5a. The XRD peaks in the aged samples got sharper
with increasing O2 concentration at 800 oC for 10 hr indicating that the Pt crystallite size
increased. Crystallite size analysis with the Scherrer equation and the Williamson-Hall
method implemented in the Jade software showed that the Pt crystallite size increased
linearly with increasing O2 concentration (Figure 3.5b). The same linear trend and
comparable particle sizes were observed with STEM where the particle size is reported as
the volume average diameter (Figure 3.5b). HAADF-STEM images and PSDs of the Pt
catalysts are shown in Figure A5 in Appendix A. Temperature programmed CO oxidation
was performed on the catalysts aged under various O2 concentrations (Figures 3.5c and
3.5d). The temperature was ramped from 25-300 oC at a rate of 2 oC/min and the gas
composition was 1.9 vol% CO and 1.3% O2 balanced by He at a GHSV of 77,500 h-1.
The catalyst was clearly deactivated due to aging, with the effect being more severe with
aging under higher O2 concentrations (Figures 3.5c and 3.5d). The XRD and CO
oxidation activity data in Figure 3.5 demonstrate that Pt sintering rates are related to the
pressure of O2. The loss of Pt from powder catalysts was also studied in the same
experimental setup. More details are provided in Appendix A. We did not detect any
significant loss of Pt from the powder catalysts (Table II and III of Appendix A) because
nearly all of the Pt particles are located inside the micropores and thus the vaporized Pt
would not be expected to be swept away, as observed with the model catalysts. This leads
to significant sintering of metal particles (without Pt loss) in the powder catalyst.
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Under Various O2 Concentrations

(111)
(200)
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(220)
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Aging at 800 oC/10 hr
Under Various O2 Concentrations

Figure 3.5. Aging of 1.6 wt% Pt/La-Al2O3 powder catalysts under various O2
concentrations at 800 oC for 10 hr with a total gas flow rate of 100 sccm (a) XRD
patterns obtained from Cu-Kα radiation after aging (b) Pt particle size vs O2
concentration. Particle sizes were determined with XRD and volume average
diameters determined from HAADF-STEM images (c) Light-off measurements for
CO oxidation after aging. Temperatures were ramped at 2 oC/min from 25-300 oC.
Note, data is only shown in the range of 100-300 oC due to no reactivity below 100
o
C. Gas compositions were 1.9 vol% CO and 1.3 vol% O2 balanced by He at a
GHSV of 77,500 h-1 (d) Arrhenius plots determined in the range of 0.75 – 3% CO
conversion from Figure 3.5c.

Effect of Pd Concentration on the Sintering of Pt-Pd/La-Al2O3 Powder Catalysts
In order to investigate bimetallic powder catalysts we prepared a powder catalyst
that contained a 1Pt:0.33Pd atomic ratio (1.1 wt% Pt/0.2 wt% Pd on La-Al2O3 support)
which was calcined at 550 oC for 2 hr. To study the role of Pt:Pd ratio we added Pd via
impregnation to the 1Pt:0.33Pd catalyst. Therefore, in this series of catalysts the loading
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of Pt was held constant at 1.1 wt% and the Pd loading was increased up to a total loading
of 6.8 wt% Pt-Pd as shown in Table I. In terms of atomic ratios the samples varied in
concentration from 1Pt:0.33Pd (Pt-rich) to 1Pt:9Pd (Pd-rich). Each sample was calcined
at 550 oC and aged in air at 800 oC for 10 hr.
The results of XRD analysis are shown in Figure 3.6a and Table II. HAADFSTEM images and PSDs of the Pt-Pd catalysts may be seen in Figure A6 in Appendix A.
Aging of these catalysts caused Pt-Pd to sinter significantly as seen by the Pt-Pd (111)
peaks. The XRD data shows the absence of the Pt-Pd (111) peak in the sample before
aging (after calcination at 550 oC), indicating that the particle size is too small to be
detected by XRD (Figure 3.6a). Furthermore, the Pt-Pd (111) peak overlaps with the
alumina peaks, making it difficult to detect when the size of the peak is very small. After
aging (800 oC for 10 hr), however, the Pt-Pd (111) peak in the 1Pt:0.33Pd sample became
very sharp. As the Pd content was increased, the Pt-Pd (111) peak became broader
(Figure 3.6a). Zooming into the Pt-Pd (111) peak (Figure 3.6b) we can see more clearly
that the peak gets broader as more Pd is added. There was also a shift in the lattice
constant indicating the formation of the Pt-Pd alloy. Table II shows that the composition
of the metallic phase becomes Pd-rich after aging, eventually reaching a composition
around 75 at% Pd as derived from Vegard’s law analysis. However, the broad Pt-Pd
peaks, and variation in compositions in individual particles as seen by STEM-EDS, make
it difficult to derive precise compositions from the XRD analysis. The results are
consistent with the TEM observations indicating an upper limit of Pd concentration in the
metallic phase of about 70 at% Pd. This upper limit is consistent with the STEM and
EDS data shown in Figure 3.3.
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It was clearly shown in the Pt-Pd/SiO2 model catalyst that Pd lowers the vapor
pressure of PtO2 as measured by the rates of emission (Figure 3.2). We can also lower the
rate of PtO2 emission by reducing the O2 pressure. To investigate the role of emission
rates, we compared the sintering of the 1.6 wt% Pt-only catalyst in 5.5% O2 with that of
the 1Pt:3Pd catalyst in air. The 1Pt:3Pd catalyst is the first sample in the series to show
the presence of a separate PdO phase. The composition of this catalyst is also close to the
upper limit of phase stability of metallic Pt-Pd. Therefore, a comparison of these two
catalysts demonstrates the role of lowering the emission of PtO2. As seen in Table II, the
crystallite sizes are similar for these two catalysts (36 vs 40 nm).
As Pd concentration is further increased (1Pt:6Pd and 1Pt:9Pd), we reach a
limiting composition of the metallic phase. Note the XRD pattern for the 1Pt:6Pd sample
was placed in Figure A7 of Appendix A in order to conserve space in the plots of Figure
3.6. The extra Pd leads to the formation of a separate PdO phase as seen clearly in the
XRD patterns (Figures 3.6a and 3.6c). It is in this range of compositions that we see a
further broadening of the metallic Pt-Pd (111) peak. This cannot occur due to a lowering
of the vapor pressure of PtO2 since we have reached the upper limit for the stability of
metallic Pt-Pd. Clearly another mechanism must be responsible. It is also interesting that
there is a significant effect of the Pt on the rate of sintering of the Pd phase. This is shown
clearly in Figures. 3.6c and 3.6d, where the results of aging the Pd-only catalyst are
compared with the bimetallic catalysts that have a separate PdO phase (Table II: 40 nm in
the bimetallic vs 17 nm in the Pd-only).
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Figure 3.6. XRD after aging Pt-Pd/La-Al2O3 powder catalysts in flowing air (100
sccm) at 800 oC for 10 hr. Note, the numbers in the legends refer to Pt:Pd atomic
ratios (a) XRD patterns obtained with Cu-Kα radiation (b) Zoom-in on the Pt-Pd
(111) peak from (a). (c) XRD pattern comparison between a pure Pd sample and
two Pd-rich Pt-Pd samples (d) Zoom-in on the PdO (101) and Pt-Pd (111) region of
(c).

3.4 Discussion
This work has shown that emission rates of Pt can be directly measured by using
model catalysts where the PtO2 is swept away by the flowing air. The rapid equilibrium
between the catalyst and the vapor phase in the boundary layer allows us to determine the
rate of loss of Pt from the vapor pressure of PtO2. Pt emission to the vapor phase is
significant at 800 oC under oxidizing conditions where a majority of the Pt was lost after
1 hr of aging. Adding Pd decreased the rate of emission by ~72% because the Pt-Pd alloy
particles that are stable under these conditions consist of about 70 at% Pd. Virtually no
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Pd emission was observed due to the low vapor pressure of PdO. The vapor pressures
determined by the model catalyst experiments help rationalize the sintering rates
observed in the powder catalysts. When comparing a Pt-only catalyst with a Pt-Pd
catalyst that has a similar vapor pressure of PtO2, the final size of the metallic particles
after aging was comparable, as evidenced by XRD data (Figure 3.6 and Table II). This
indicates that the vapor pressure of the metal oxide mobile species is an important factor
in determining the rate of catalyst sintering under oxidizing aging conditions considered
here. This result is in agreement with the work of Plessow et al. who performed modeling
of PtO2 vapor phase transport to demonstrate the role of O2 pressure in Pt sintering.24
The role of Pd goes beyond lowering of the vapor pressure of PtO2 over the Pt-Pd
bimetallic particles since PdO also serves to trap the mobile Pt species. As discussed
above, PdO has a vapor pressure four orders of magnitude lower than that of PtO 2 and
thus very little sintering of the Pd-only catalysts is observed when heated in air at 800 oC.
While PdO is thermodynamically stable, we see the formation of metallic Pt-Pd when
mobile PtO2 species interact with the PdO.33 Therefore, Pt causes the reduction of PdO
and the resulting Pt-Pd metal particles can undergo Ostwald ripening.23 This is why the
Pd sinters much faster when Pt is also present in the same catalyst (Table II). The PdO
crystallite size in the 1Pt:9Pd sample (40 nm) was much larger than the Pd-only catalyst
(17 nm). Clearly, the Pt facilitates the sintering of the PdO phase and therefore, the
excess PdO is not just a spectator. Figure 3.7 shows a schematic of the Pt-Pd interaction.
This latter process we have termed “regenerative trapping”.
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TABLE II
XRD summary of alumina-supported powder catalysts after aging in air at 800 oC
for 10 hr.
Sample

EPMA
(Overall Pd
At%)

Metallic Crystallite
Size (nm)

Oxide
Crystallite Size
(nm)

Lattice Constant
(Å)

Vegard’s Law
Estimate
(Pd At%)

100% Pt

0

69

--

3.928 ± 0.002

0

1Pt:0.33Pd

25

54

--

3.910 ± 0.001

43

1Pt:1Pd

50

59

--

3.910 ± 0.002

43

1Pt:1.5Pd

60

52

--

3.906 ± 0.002

55

1Pt:3Pd

75

40

--

3.904 ± 0.002

62

Pt/5.5% O2

0

36

--

3.928 ± 0.002

0

1Pt:6Pd

85

34

26

3.898 ± 0.001

79

1Pt:9Pd

90

18

40

3.899 ± 0.001

75

100% Pd

100

--

17

--

100

As shown in Figure 3.7, PdO provides sites for trapping mobile PtO2 which was
confirmed experimentally on a model catalyst33 as well as when a Pt/MgAl2O4 powder
was physically mixed with PdO/Al2O3 and aged in air.36 The reaction between PtO2 and
PdO causes the formation of metallic Pt-Pd in flowing air, even at temperatures as low as
650 oC.33 One would expect that capture of mobile PtO2 would consume all of the PdO,
but when there is excess Pd beyond what is stable thermodynamically in metallic form,
the balance would exist as a separate PdO phase. This PdO has been called “excess PdO”
in Figure 3.7. Furthermore, emission of PtO2 from Pt-Pd would also cause the formation
of PdO as shown in Figure 3.3. The formation of PdO due to the emission of PtO2 from
metallic Pt-Pd therefore leads to the regenerative nature of the trapping cycle. The
beneficial effect of regenerative trapping is only seen when a separate PdO phase is
present in the catalyst. In our study, we used an excess of Pd to demonstrate the role of
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regenerative trapping and to separate this effect from the lowering of the vapor pressure.
In industrial catalysts, these processes must occur regardless of the actual Pt:Pd ratio used
because emission of Pt could generate PdO if the composition of the particle goes beyond
the limit of phase stability.
These observations lead us to conclude that the role of Pd in a bimetallic Pt-Pd
catalyst is two-fold. On one hand, Pd helps to lower the vapor pressure of Pt, thereby
slowing the rates of sintering. In the presence of excess PdO a second mechanism
becomes operative leading to significant slowing of the rate of Pt sintering. We suggest
that regenerative trapping plays an important role in the observed durability of Pt-Pd
catalysts.
Excess PdO

PtO2
PdO

Support

Trapping

Regenerative
Trapping
Emission
Pt-Pd

PtPd

Support

PdO

Support

Figure 3.7. Schematic showing the regenerative trapping mechanism.

3.5 Conclusions
The role of PtO2 vapor pressure on bimetallic Pt-Pd catalyst sintering was
investigated by aging catalysts in air at 800 oC for 10 hr. Lowering the vapor pressure of
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PtO2 slows down the rate of sintering. We achieved the lowered vapor pressure by
decreasing the O2 concentration or by alloying Pt with Pd, both of which had a similar
effect on the final particle size. When a Pt-Pd particle is heated in an open system,
emission of PtO2 causes the formation of a metallic core of Pt-Pd and a separate PdO
phase. The upper limit of stability of metallic Pt-Pd in air at 800 oC was determined to be
about 70 at% Pd. The separate PdO phase generated during Pt emission from Pt-Pd
particles plays an important role since it serves to trap mobile PtO2 species. This leads to
a mechanism which we have termed “regenerative trapping”, since the PdO traps are
regenerated by the emission of PtO2 from the Pt-Pd alloy particles. While Pd by itself
remains very stable during heating at 800 oC in air, Pt-Pd particles continue to sinter since
mobile Pt as well as mobile Pd species can be emitted from metallic Pt-Pd particles. This
work provides a fundamental understanding of the sintering mechanism of Pt-Pd catalysts
which would be helpful for the future development of more durable Pt-Pd diesel
oxidation catalysts.
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Chapter 4
Trapping of Mobile Pt Species by PdO Nanoparticles Under Oxidizing
Conditions
This work is published in the Journal of Physical Chemistry Letters (J. Phys. Chem. Lett.
2014, 5, 2089−2093)

4.1 Introduction
Advanced combustion engines achieve improved energy utilization through lower
exhaust temperatures.37 Hence catalysts for exhaust treatment must be designed to
provide enhanced reactivity at temperatures below 200 °C. Kim et al. demonstrated that
improved low temperature reactivity was obtained when Pt-Pd alloys were formed during
aging of a physical mixture of Pt/Al2O3 and Pd/Al2O3.38 The formation of Pt-Pd alloys
was also confirmed via X-ray diffraction (XRD) by Graham et al. during aging of a
physical mixture of Pt/Al2O3 and Pd/Al2O3 in air.22 On the other hand, when Pt-Pd
bimetallic particles in a model catalyst were aged in air by Chen and Schmidt, they
observed that phase segregation occurred leading to the formation of a PdO phase coexisting with the bimetallic Pt-Pd nanoparticles.31 From the previous work it appears that
preformed Pt-Pd nanoparticles on model catalysts (flat, open samples) phase segregate
when heated in air31 while in the powder catalysts (porous solids) we see the reverse, i.e.
formation of metallic Pt-Pd particles when a physical mixture of these two components is
heated in air.22,38 The goal of the present study was to address this apparent discrepancy
and to shed light on the role of Pd in diesel oxidation catalysts.
We recently reported on the state of Pt, Pd and Pt-Pd on alumina supports aged in
air at 750 °C for ten hours.39 By using a combination of high resolution transmission
electron microscopy (HRTEM), XRD and X-ray absorption spectroscopy (XAS) we
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obtained conclusive information on the bulk and surface structure of these catalysts. We
found that the Pd-only catalyst formed PdO which is thermodynamically stable at these
temperatures and shows very little sintering. Pt, on the other hand, sinters rapidly to form
large metallic Pt particles, aided in part by the formation of volatile PtO2.10 In the Pt-Pd
catalyst, we found metallic particles of the Pt-Pd alloy, and no evidence for any surface
oxide on the surface.39 We concluded that Pt helps to keep Pd in a reduced state and
metallic Pt-Pd nanoparticles resist oxidation when aged in air at 750 °C. The enhanced
reactivity of the Pt-Pd catalysts was explained, in part, by the presence of metallic Pd coexisting with Pt on the catalyst surface under conditions where the Pd only catalyst
transforms into PdO.39
The formation of bimetallic Pt-Pd nanoparticles when physical mixtures of these
components are aged in air has not yet been fully explained and is the focus of this work.
22,38

The stability of the PdO phase is well known since it has the lowest vapor pressure

among the oxides of the transition metals.26 On the other hand, Pt is known to form
volatile PtO2 whose thermodynamics are well established.10 Therefore the most likely
mobile phase must arise from Pt, but it is not clear how a mobile PtO2 phase could cause
transformation of PdO into metallic Pt-Pd. To obtain definitive information we used a
model catalyst where observations of the same area of the sample could be performed
after high temperature aging in air. In a model catalyst the metal particles have nearest
neighbor distances on the nanometer scale, whereas in a physical mixture of conventional
catalysts, the nearest neighbor distances could be on the micron scale. Hence in a model
catalyst one can observe physical processes in a matter of seconds/minutes while in a
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conventional catalyst the same physical process will take place, but at a slower rate
(hours).

4.2 Experimental
The metals were deposited by electron beam evaporation onto Si TEM grids that
contain electron transparent membranes (100 x 100 µm2) of Si3N4 covered by a native
oxide (Figure 4.1a). Samples were aged in a Sabre Tube furnace40 at the prevailing
atmospheric pressure (85 kPa) in flowing air. The Sabre Tube is equipped with a silicon
wafer resistive heating element and a thermocouple (Figure 4.1b). Samples were placed
on the heating element near the thermocouple to ensure the sample temperature could be
accurately measured. Co-existing Pt + PdO nanoparticles were created by first depositing
an effective film thickness of 5 Å of Pd onto the model TEM sample. The Pd was aged in
air at 600 °C for two minutes in the Sabre Tube to form PdO (Figure 4.1c). After PdO
was formed, we deposited another 5 Å of Pt onto the sample to create co-existing Pt+PdO
nanoparticles (Figure 4.1d). The evolution of the Pt+PdO samples was studied after aging
in air at 650 °C for up to 20 minutes. Transmission electron microscopy (TEM) was
performed using a JEOL 2010 FEG TEM STEM equipped with Oxford EDS. High angle
annular dark field (HAADF) scanning transmission electron microscopy (STEM) images
were used to obtain particle size distributions of the as-prepared Pt+PdO sample before
and after aging in air. Particles were counted using Digital Micrograph™ software.
HRTEM was used to provide information on lattice spacings and to determine the phases
present. HRTEM was used to determine the phase of the aged Pd.
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Figure 4.1. (a) Model TEM grid containing a SiO2/Si3N4/SiO2 membrane. The
electron transparent window is at the center of the grid with dimensions of 100×100
µm2 (b) Sabre Tube furnace with a thermocouple making direct contact at the
center of the silicon wafer resistive heating element (c) PdO formed by aging 5 Å of
Pd in air at 600 °C for two minutes in the Sabre Tube (d) 5 Å Pt deposited on the
PdO sample to create co-existing Pt+PdO nanoparticles.

4.3 Results and Discussion
5 Å of Pd were deposited onto the model TEM grid and aged in air at 600 °C for
two minutes. High resolution transmission electron microscopy (HRTEM) was used to
determine the phase of the Pd nanoparticles after aging. The fast fourier transforms
(FFTs) were obtained in Digital Micrograph showing lattice spacings of 2.6 Å and 2.7 Å
corresponding the (101) and (002) planes of PdO, respectively (Appendix B). The initial
sample contained irregularly shaped PdO particles with an average diameter of 4.3 nm
with a number density of 7885 particles/µm2 (Figure 4.2a). The morphology of the aged
Pd particles was irregular because of the volume change on oxidation and the lower
density of the oxide phase. We next deposited 5 Å of Pt onto the PdO sample to create
the co-existing Pt+PdO nanoparticles (Figure 4.2b). The larger particles in Figure 4.2b
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appear to be similar in size and morphology to the original PdO particles on this sample
before the Pt deposition (Figure 4.2a). The STEM image in Figure 4.2b reveals a bimodal
size distribution of numerous small particles co-existing with larger irregular particles.
The two distinct peaks in the particle size distribution can be related to the presence of Pt
and PdO on this sample. Figures 4.2d-e show the average diameter corresponding to
these well resolved peaks. The peak on the left comes from Pt particles which have an
average size of 1.1 nm with a number density of 101,296 particles/µm2 (Figure 4.2e –
note the different scales for the y axis). The peak to the right comes from the initial PdO
particles with an average size of 4.7 nm (6721 particles/µm2). HRTEM and energy
dispersive X-ray spectroscopy (EDS) (see Appendix B) help confirm that the small
particles in Figure 4.2b consist of metallic Pt. With HRTEM we measured a lattice
spacing of 2.3 Å, corresponding to the (111) lattice planes of Pt, while single particle
EDS also showed signals from Pt only (Appendix B). The Pt+PdO was aged in flowing
air at 650 °C for two minutes in the Sabre Tube (Figure 4.2c). After aging for two
minutes we saw a dramatic change in the particle size distribution and a change in
particle morphology. The larger particles in the aged sample had a more spherical
morphology with an average size of 5.4 nm (6054 particles/µm2), but we saw a nearly
complete loss of the peak corresponding to the Pt particles. The average size for the
particles included in the first peak was 1.8 nm but decreased to 1551 particles/µm2
(Figure 4.2c) which represents a 65 fold decrease compared to the initial sample (Figure
4.2b). When Pt particles of similar size are heated under oxidizing conditions there is
negligible particle mobility and Ostwald ripening of Pt is the dominant process leading to
the growth of Pt particles.4,41 The dramatic decrease in the number of the small Pt
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particles suggests migration of Pt atomic species to the PdO that is serving as a trap. The
change in particle morphology leading to more spherical particles is suggestive of the
formation of metallic Pt-Pd particles. The formation of metallic

a

d

b

e

c

f

Figure 4.2. (a) HAADF-STEM image of 5 Å Pd/SiO2 aged in air at 600 °C for two
minutes (b) HAADF-STEM image of as prepared Pt+PdO co-existing nanoparticles
(c) HAADF-STEM image of Pt+PdO aged in air at 650 °C for two minutes (d-f)
Corresponding particle size distributions for (a-c) showing the average diameter for
each group of particles. In (f), it is assumed that the first peak ends at 2.7 nm based
on the size distribution in (e).
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particles is surprising since the sample is being aged in flowing air at 650 °C, while PdO
decomposition occurs at 877 °C in 1 bar of oxygen, as reported in the work of Bayer and
Wiedemann.25 To obtain conclusive evidence for the changes in oxidation state we
studied these samples via X-ray photoelectron spectroscopy (XPS).
XPS was performed using a Kratos AXIS ULTRA X-ray photoelectron
spectrometer. Figure 4.3a shows the spectra for the initial sample (Pt+PdO) showing the
Pd 3d peak at 337.6 eV corresponding to PdO. We also saw the Pt 4d 3/2 peaks at 332.7
eV and 337.8 eV. These peaks are separated from two Pt 4d 5/2 peaks by spin-orbit
splitting, Δ of 16.8 eV, and their areas are 2/3 of the area of Pt 4d 5/2 peaks. These
constraints in position and area of the Pt 4d 3/2 peaks with respect to Pt 4d 5/2 peaks
were used to ensure adequate contribution of Pt 4d signal in the binding energy region
where Pd 3d peak is observed. It is more informative to use the Pt 4f peaks for following
the changes in the Pt as shown in Figure 4.3c. In the as-prepared, air exposed sample, we
see that the Pt peaks indicate the presence of PtO which is consistent with the literature
since our as-prepared sample contained very small (~ 1 nm) metallic Pt nanoparticles.41,42
The complete absence of metallic Pt suggests that air exposure has transformed the Pt
into an oxide (Pt+2). It was shown previously that such small particles (~1 nm) get
completely oxidized upon air exposure.42 This is in contrast to our TEM observations
(Figure B2a in Appendix B) which show lattice fringes corresponding to metallic Pt.
Since focusing and astigmatism correction of the electron microscope image causes
significant beam exposure, it is likely that the electron beam tends to reduce the Pt oxide,
hence, we see metallic Pt under TEM. After aging in air at 650 °C for two minutes, the
Pt formed mobile species which migrated and were trapped by PdO resulting in Pt-Pd

84

nanoparticles ~ 5.4 nm in size. Since the bimetallic particles were large, they resist
oxidation upon air exposure (except perhaps a surface layer of oxide) and this is why we
were able to see metallic Pt in the bimetallic samples.
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Figure 4.3. (a) Pd 3d region of Pt+PdO as prepared with a PdO peak centered at
337.6 eV (b) Pt+PdO aged in air at 650 °C for two minutes showing a shift of the
PdO peak to a lower binding energy of 335.9 eV (c) Pt 4f region of Pt+PdO as
prepared with a PtO peak centered at 72.3 eV (d) Pt+PdO aged in air for at 650 °C
for two minutes showing a shift of the PtO peak to a lower binding energy of 71.5
eV.

We studied samples after aging in air at 650 °C for two minutes and then after
additional treatments of 4, 10 and 20 minutes (Appendix B). XPS results for a replicate
sample also show the transformation of PdO into metallic Pd after only two minutes of
aging (Appendix B). Figure 4.3b shows the XPS spectra after aging in air at 650 °C for
two minutes. It is evident that the original PdO peak has shifted to a lower binding energy
of 335.9 eV, indicating PdO has transformed to metallic Pd as a result of this aging
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treatment. This is clearly very surprising since at this temperature the stable phase of Pd
is an oxide. Likewise, we see also a shift in the Pt 4f peak from 72.3 eV to a lower
binding energy of 71.5 eV (Figure 4.3d) indicating the presence of metallic Pt. We have
evidence from previous work that Pt-Pd bimetallics resist oxidation in a supported PtPd/Al2O3 sample aged in air at 750 °C for 10 hours.39 Therefore, we can conclude that
our observations demonstrate the transformation of PdO into the more stable metallic PtPd alloy.
Since all of these experiments were performed with nanosized particles we
wanted to see if a similar phenomenon could also occur with bulk PdO. Therefore we
performed aging of PdO and Pt+PdO samples via thermogravimetric analysis (TGA).
We studied bulk PdO and a physical mixture of chloroplatinic acid (CPA) and PdO. The
physical mixture was designed to yield a 50:50 Pt to Pd atomic ratio. Bulk Aldrich PdO
decomposed to form metallic Pd and lost weight at temperatures around 830 °C, as shown
in Figure 4.4, at the prevailing atmospheric conditions used in our experiments (total
pressure 85 kPa in Albuquerque). The loss in weight of ~13% is consistent with the loss
of oxygen from PdO. The decomposition temperature depends on the amount of oxygen
in the gas phase and will shift to lower temperatures as the content of oxygen is
decreased. To generate Pt in our TGA sample we used chloroplatinic acid (CPA) which
was ground with the bulk PdO, and then dried at 200 °C to eliminate the water picked up
by the hygroscopic CPA. TGA experiments with pure CPA revealed that it had
transformed to metallic Pt by 600 °C (Appendix B) which is consistent with the literature
on CPA decomposition.43 Since we are dealing with bulk PdO, the process is not as fast
as seen in the model samples, so we heated the sample step wise, holding it for one hour
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at the indicated temperatures. It is clear from Figure 4.4 that the presence of Pt causes
loss of weight at temperatures as low as 650 °C, while bulk PdO does not transform into
Pd until heated to 830 °C.

The weight loss of this sample is consistent with the

transformation of PdOPd and the fact that the mixed sample contains less PdO than the
pure Aldrich sample. The TGA data confirms the observations made on the model
catalysts that aging in air causes the Pt+PdO sample to lose oxygen and transform into
bimetallic Pt-Pd (Figures 4.2 and Figure 4.3).

650 °C
700 °C
750 °C

800 °C

Hold for 1 hour at indicated temperature

Figure 4.4. TGA trace showing the weight of the sample vs. temperature in flowing
air. The blue plot shows the decomposition temperatures for bulk Aldrich PdO
while the green plot shows the decomposition temperatures for a 50:50 Pt:Pd
mixture of Pt and bulk Aldrich PdO.
The results obtained by TEM on model catalysts, via XPS and TGA all confirm that
PdO is being reduced to a metallic state by the presence of mobile species derived from
Pt, during aging in air. The reaction can be written as PtO2 (s) + PdO (s)  Pt-Pd (s) +
1.5 O2. We computed the free energy changes for this reaction based on the known bulk
thermodynamics26 for the decomposition of oxides of Pt and Pd and included the entropy
change due to alloying (see Appendix B). The results can be shown in terms of a phase
diagram where the equilibrium oxygen pressure is plotted against temperature, as shown
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in Figure B6 of Appendix B. We used the linearized versions (constant Hr) of the Van’t
Hoff equation from the work of Peuckert.26 When plotted against temperature, these
generate a family of curves showing the boundary for decomposition of the oxide phase
to the metal. It is clear that the presence of PtO2 helps to lower the temperature for the
transformation of PdOPd.

4.4 Conclusions
In summary, mobile species emitted from Pt can be effectively captured by PdO
leading to the formation of metallic Pt-Pd particles. This explains how metallic Pt-Pd
particles can be formed when physical mixtures of Pt/Al2O3 and Pd/Al2O3 are aged in air.
In samples that are open to the atmosphere, we may see emission of PtO2 to the vapor
phase and this could lead to the phase segregated PdO seen by Chen and Schmidt. 31 Our
results provide an explanation for the beneficial effect of Pd in diesel exhaust catalysts.
Ostwald ripening leads to the growth of Pt particles through inter-particle transport of
mobile species. PdO can act as a very effective trap for capturing Pt-derived mobile
species. These results help explain the beneficial role of Pd in Pt-Pd diesel oxidation
catalysts.
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Chapter 5
Role of the Support on the Sintering of Pt under Oxidizing Conditions
5.1 Introduction
The accelerated aging of diesel oxidation catalysts (DOCs) is performed at 800
o

C, as recommended by the USDRIVE Low Temperature Oxidation Catalyst Test

Protocol.44 However, at 800 oC, Pt sinters readily to form large particles. In the presence
of oxygen at 800 oC, Pt forms volatile PtO210 which has a significant vapor pressure
leading to vapor phase ripening.23,24 The support is known to influence the rate of Pt
sintering 45 but the mechanism by which the support influences the rate of sintering is not
well understood. Nagai et al.45 found that Pt sintered readily in a Pt/Al2O3 catalyst while
no sintering occurred in a Pt/Ceria-based oxide catalyst. The authors claim that there was
a stronger metal-support interaction in the Pt/Ceria-based sample compared to the
Pt/Al2O3. However, Li et al.46 found that 1-3 nm of Pt were thermally stable at 800 oC in
a Pt/MgAl2O4 spinel catalyst due to strong interactions with the spinel {111} facets. In
this study, we investigated the role of the support on the rate of PtO2 emission and
determine whether emission rates are related to the rate of Pt sintering. Pt supported on
La stabilized γ-Al2O3, polyhedral CeO2, and MgAl2O4 spinel were the three supports
investigated.

5.2 Experimental
Catalyst Preparation and Aging
Synthesis of Supported Powder Catalysts
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Three supports were investigated in this study: La-Al2O3, MgAl2O4 spinel, and
polyhedral CeO2. La-Al2O3 was obtained by Rhodia (MI386) and contained 4 wt% La2O3
with a BET surface area of 160 m2g-1. The MgAl2O4 spinel support (surface area: 38 m2g1

) was synthesized following the method reported by Li et al.46 The CeO2 support was

synthesized by utilizing cerium nitrate (99.99% Ce). The cerium nitrate was calcined in
flowing air at 350 oC for 2 hr to make polyhedral CeO2. The CeO2 BET surface area was
85 m2g-1 after calcination at 350 oC. Pt was impregnated in the supports via incipient
wetness using an aqueous solution of chloroplatinic acid (8 wt% H2PtCl6). After the
impregnation of Pt, the catalysts were air dried over night at 100 oC. The Pt/La-Al2O3
catalyst was calcined in flowing air at 550 oC for 2 hr. The Pt/MgAl2O4 catalyst was
calcined in flowing air at 500 oC for 4 hr. The Pt/CeO2 catalyst was calcined in flowing
air at 350 oC for 2 hr. Following calcination, the Pt/CeO2 catalyst was further treated in
flowing air at 800 oC for 10 hr and had a BET surface area of 26 m2g-1.

Powder Thin Film Depositions on Planar Model TEM Grids
The model catalysts used in this study were silicon (100) wafer model TEM grids
(~4 mm2) which were developed by Moodley et al. at Eindhoven University of
Technology.20 The samples contain a 100 × 100 µm2 electron transparent membrane film
at the center that is 15 nm thick. The membrane film is composed of SiO2/SiNx/SiO2
which forms ~3 nm surface oxide at the top and bottom of the film upon heating in air.
The blank model catalysts were pretreated in flowing air at 800 oC for 15 hr in order to
remove any contaminants left behind during the etching process. Following pretreatment,
a thin film of powders was deposited on the wafers. The thin film was achieved by first
crushing the powder in a mortar and pestle followed by dispersion in ethanol. The
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solution was mixed for a minute and a small droplet of solution was placed on the blank
model TEM grid. Following the deposition, the samples were pretreated in flowing air
(100 sccm) at 600 oC for 0.5 hr in an open boat. Figures 5.1a and 5.1b show low and high
magnification SEM images of the final result.

a

b

Powder

c
Flow in

Flow out
Open Boat

Pt
Support
PtO2

Figure 5.1. Approach for measuring Pt emission from powders. (a) Low
magnification SEM image taken from JEOL Superprobe JXA-8200 showing
deposited powder on the planar Si (100) model TEM grids (b) High magnification
SEM image taken from JEOL Superprobe JXZ-8200 showing a thin film of powder
in the substrate region of the Si (100) model TEM grid. The yellow circle gives the
reader perspective on size of the probe (10 μm). The bottom SEM image in (b)
shows the powder on the 100 x 100 μm2 SiO2/SiNx/SiO2 electron transparent region.
The powder on the electron transparent region allowed for characterization via
TEM (c) Schematic of the method to evaporate and sweep away metal from the
model TEM grids in order to measure emission rates.

Aging of Powder Thin Film
Studies for the emission of Pt from powders were performed at 800 oC under
flowing air (100 sccm). The samples were placed in an open boat in a tube furnace. Since
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the vapor pressure of PtO2 is very high at 800 oC (1.6 × 10-3 Pa), we were able to sweep
the volatilized Pt away with flowing gas during aging (Figure 5.1c). This was the method
used by Alcock and Hooper to determine the nature of the Pt volatile oxide 10. Therefore,
it was very important to keep the gas flow rate constant during every aging experiment
since the extent of Pt emission depends on the rate of “sweeping”. The furnace was
ramped up to and stabilized at 800 oC prior to inserting a sample and thermocouple in
order to age for precise times. The sample was immediately taken out after aging for the
desired time and characterized with electron probe microanalysis (EPMA) and
transmission electron microscopy (TEM).

Aging of Packed Bed Powders
The powder catalysts were aged in the same tube furnace and open boat geometry
used for the powder thin films on model TEM grids. The boat was loaded with ~200 mg
of the catalyst and the aging was performed at 800 oC for 30 hr with flowing air fed at
100 sccm. Particle sizes were characterized after aging with X-ray Diffraction (XRD).

Catalyst Characterization
Transmission Electron Microscopy
Transmission electron microscopy (TEM) was performed at 200 kV using a JEOL
2010 FEG (Field Emission Gun) TEM/STEM equipped with an Oxford energy dispersive
X-ray spectroscopy (EDS) detector. Particles were counted using high-angle annular dark
field (HAADF) scanning transmission electron microscopy (STEM) images. HAADFSTEM was performed using a 0.5 nm probe under high resolution mode. The volume
average diameter, 𝑑𝑣 was determined by the relation 𝑑𝑣 =

∑ 𝑛𝑖 𝑑𝑖4
∑ 𝑛𝑖 𝑑𝑖3

. All TEM images and

EDS data were analyzed using Digital Micrograph and Oxford AZTEC software.
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Electron Probe Microanalysis
Metal concentrations were quantified with an electron probe microanalyzer
(EPMA). EPMA was performed using wavelength dispersive X-ray spectroscopy (WDS)
with a JEOL JXA-8200 SuperProbe operated at 10 kV with a 10 µm probe diameter and
30 nA probe current. Metal concentrations were calculated in two ways depending on
whether or not atomic number (Z), absorption (A), and fluorescence (F) corrections
needed to be applied to the sample: The first method to calculate the sample
concentrations was the use of the Cliff-Lorimer17 relation for a thin multi-element film on
a substrate described as

𝐶𝑖,𝑓𝑖𝑙𝑚 = 𝑘𝑖,𝑓𝑖𝑙𝑚 ⁄∑ 𝑘𝑗,𝑓𝑖𝑙𝑚
𝑗

where 𝐶𝑖,𝑓𝑖𝑙𝑚 is the concentration of the i-th element in the film, 𝑘𝑖,𝑓𝑖𝑙𝑚 is the k-ratio of
the i-th element in the film, and ∑𝑗 𝑘𝑗,𝑓𝑖𝑙𝑚 is the total k-ratio of all the elements in the
film. The Cliff-Lorimer relation simply utilizes the raw data to calculate concentrations.
GMRFilm software18 was the second method utilized to estimate concentrations by
correcting for Z, A, and F effects with φ(ρz) curves. The calculations in GMRFilm were
performed utilizing the Pouchou and Pichoir φ(ρz) model (1991).47

X-ray Diffraction
X-ray diffraction patterns for aged Pt/La-Al2O3, Pt/MgAl2O4, and Pt/CeO2
powder catalysts were obtained with a Rigaku Smart Lab system equipped with a D/teX
X-ray detector. The Cu anode and a Ni filter were operated at 40 kv and 40 mA and the
samples were irradiated over the 2𝜃 range of 5 to 150 in steps of 0.02 degrees. The
crystallite sizes were estimated with Jade software by applying the Williamson-Hall
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method16 and Scherrer equation, 𝜏 =

𝐾𝜆
𝛽𝑐𝑜𝑠𝜃

with 𝐾 = 0.9 and 𝜆 = 1.5406 Å. The

diffraction peaks were fitted with a Pseudo-Voigt function.

Reactivity Measurements
CO Oxidation
CO oxidation activity of the aged Pt catalysts was measured in a U-tube stainless
steel reactor which was heated in a high temperature oven. Light-off curves were
obtained at a ramp rate of 2 oC/min from 25 to 300 oC. The gas composition was 1.9
vol% CO and 1.3 vol% O2 balanced by He. The gases were injected every 3 min and
analyzed with a Varian CP-4900 Micro Gas Chromatograph.

5.3 Results and Discussion
Pt Emission from Powder Thin Films
As mentioned previously in the experimental section, a thin film of powder was
deposited onto the planar Si (100) model TEM grids. After deposition, the catalysts were
calcined in flowing air (100 sccm) at 600 oC for 0.5 hr which will be referred to as the
“initial” sample from here on out. The elemental composition of the catalysts was
determined with EPMA after calcination. The initial weight loading of Pt for the
MgAl2O4 was 1.3 wt% while the loading for the La-Al2O3 and CeO2 samples was 1 wt%
(Figure 5.2). The samples were aged in a tube furnace at 800 oC in an open boat with
flowing air (100 sccm). The loadings were determined with EPMA after each aging
experiment. As can be seen by Figure 5.2, about 80% of Pt was lost from the La-Al2O3
sample after aging for 0.5 hr. By the time the sample was aged from 3-6 hr, the entire Pt
was lost (Figure 5.2 and 5.3a,d). Figure 5.3a shows the initial state of the 1 wt% Pt/LaAl2O3 sample that is on the SiO2/SiNx/SiO2 electron transparent window. Figure 5.3a
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clearly shows sub-nanometer Pt particles. After aging for 6 hr, all the Pt was lost (Figure
5.3d). The results for the 1 wt% Pt/La-Al2O3 thin film sample

Figure 5.2. Pt loading as a function of time for thin film samples deposited on Si
model TEM grids. The rate of Pt emission was compared between MgAl 2O4, CeO2,
and La-Al2O3. The weight loading of Pt was determined with WDS in EPMA.
show that the vapor phase transport of PtO2 was significant. However, the CeO2 sample
lowered the rate of PtO2 emission as can be seen in Figure 5.2. The CeO2 sample lost
about 60% of Pt in the first hour but retained ~0.3 wt% Pt up to 30 hr. No Pt was
observed initially and after aging for up to 30 hr as shown by the HAADF-STEM images
in Figure 5.3b and 5.3e, indicating that the Pt was in atomically dispersed form. The
initial loss of Pt from CeO2 may be explained due to a combination of two parameters:
the initial low BET surface area (26 m2g-1) and the fact that the cohesive energy between
Pt-Ce bonds is not much greater than that of Pt-Pt (6.7 eV compared to 6.1 eV). The loss
of Pt from the MgAl2O4 spinel sample was gradual and lost ~46% of the Pt after 30 hr of
aging (Figure 5.2). As shown by Figure 5.3c and 5.3f, the MgAl2O4 retained ~ 2 nm Pt
particles. There was no sign of {111} spinel facets stabilizing the Pt from the HAADF-
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STEM images (Figure 5.3c and 5.3f) as demonstrated by Li et al.46 Therefore, we rule out
an epitaxial relationship between the {111} spinel facets and Pt {111} causing enhanced
thermal stability.

Aged 800 oC / Air

Initial

a

d

6 hr

b

e

30 hr

c

f

30 hr

Pt/La-Al2O3

Pt/CeO2

Pt/MgAl2O4

Figure 5.3. HAADF-STEM images of powder thin films on SiO2/SiNx/SiO2 electron
transparent membrane window. (a-c) Initial state of Pt/La-Al2O3, Pt/CeO2, and
Pt/MgAl2O4 samples, respectively (d) Pt/LaAl2O3 sample after aging in 100 sccm air
at 800 oC for 6 hr (e) Pt/CeO2 sample after aging in 100 sccm air at 800 oC for 30 hr
(f) Pt/MgAl2O4 sample after aging in 100 sccm air at 800 oC for 30 hr.
Aging of Powders in Packed Bed
The aging of powders in a packed bed was performed in the same manner as the
thin film samples. About 200 mg of the sample was placed in an open boat with the same
size and geometry and the catalysts were aged in flowing air (100 sccm) for 30 hr. Aging
the 1 wt% Pt/CeO2 sample did not cause formation of large Pt particles as seen by the
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absence of the Pt (111) peak in the XRD pattern (Figure 5.4). This observation is
consistent with our previous work32 showing that Pt remained atomically dispersed
during aging. However, Pt sintered readily (> 100 nm crystallite size) in the La-Al2O3 and
MgAl2O4 samples as shown by the sharp Pt (111) peaks (Figure 5.4). The results for the 1
wt% Pt/La-Al2O3 sample were no surprise due to the significant vapor phase transport of
PtO2 as shown in the results for the thin film samples (Figure 5.2 and 5.3). The 1.3 wt%
Pt/MgAl2O4 sample sintered readily as well which was a surprising observation since the
rate of Pt loss was gradual up to 30 hr in the thin film sample (Figure 5.2). Rietveld
refinement calculations done in Jade software indicated that 0.3 wt% Pt was in crystalline
form

a

b
Pt

Pt

Figure 5.4. Pt supported packed bed powders aged in flowing air (100 sccm) at 800
o
C for 30 hr (a) XRD patterns obtained from Cu-Kα radiation after aging (b)
Expanded view from 2θ = 35-45.

and sintered significantly (> 100 nm crystallite size). This result indicates that the rest of
the Pt (1 wt%) remained sub-nanometer or atomically dispersed since small crystallite
sizes are too broad to be detected. CO oxidation was performed on all three catalysts after
aging at 800 oC for 30 hr (Figure 5.5). The results show that the performance of the
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Pt/Al2O3 and Pt/MgAl2O4 samples was comparable. This result is consistent with the
XRD measurements showing that both samples contained similar Pt crystallite sizes. The
Pt/CeO2 sample performed significantly better due to the ability of CeO2 to retain Pt in
atomically dispersed form. The XRD and CO oxidation results for the Pt/MgAl2O4
sample were not consistent because XRD indicates that 1 wt% of the 1.3 wt%
Pt/MgAl2O4 sample contained small Pt crystallite sizes. If 1 wt% of Pt is small, we would
expect to see improved reactivity for CO oxidation. Therefore, we conclude that the
MgAl2O4 spinel must be encapsulating the small Pt particles, thereby blocking the active
sites for CO oxidation. This inference may explain the fact that the small 2 nm Pt
particles on the MgAl2O4 spinel did evaporate during aging.

Figure 5.5. Light-off measurements for CO oxidation after aging. Temperatures
were ramped at 2 oC/min from 25-300 oC. Note, data is only shown in the range of
180-300 oC due to no reactivity below 180 oC. Gas compositions were 1.9 vol% CO
and 1.3 vol% O2 balanced by He at a GHSV of 77,500 h-1.

5.4 Conclusions
In summary, we developed a method to measure emission of metal from
supported powders. Typically in a porous powder one cannot measure emission since
anything volatilized will be trapped in the pores. There will also be no emission when the
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powder is thick since the thickness will contain the volatilized metal. In this study we
deposited thin films of powder catalysts onto planar Si (100) model TEM grids and
measured the change in Pt concentration as a function of aging time with EPMA.
Our study on emission from thin films of powder showed that La-Al2O3 is not
efficient at stabilizing Pt from evaporating. As a result, Pt sinters readily under oxidizing
conditions due to significant vapor phase transport of PtO2. MgAl2O4 spinel was very
efficient at stopping Pt from evaporating up to 30 hr of aging at 800 oC in flowing air.
Our results with XRD and CO oxidation suggest that the MgAl2O4 spinel is encapsulating
the small Pt particles, explaining the gradual loss of Pt and poor CO oxidation
performance. Finally, the polyhedral CeO2 was efficient at lowering the rate of Pt loss
during aging and performed best for CO oxidation due to its ability to keep Pt in
dispersed form.
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Chapter 6
Kinetic Study on the Oxidation of Propane over Pd/Al2O3 Catalysts
This work was done during the summer internships at General Motors Research and
Development with the Catalyst and Aftertreatment Systems group.

6.1 Introduction
The purpose of Pd in both diesel oxidation catalyst (DOC) and three-way catalyst
(TWC) applications is to treat hydrocarbons (HCs) and (CO) by catalyzing their
oxidation reactions to form CO2 and H2O. The problem is that modern combustion
engines are achieving improved fuel efficiency through lower exhaust temperatures48
making it difficult to satisfy tight HC emission regulations.37 Therefore, catalysts need to
be designed to be active at temperatures below 200 oC. The challenge is that alkanes are
not as reactive as other HC species such as alkenes.49 More thorough investigation is
needed in order treat all HC species effectively at temperatures below 200 oC. We will
focus on the oxidation of propane in this study since it is typically used to model
saturated HCs.50,51 In order to design catalysts with improved low temperature
performance, we need to understand the parameters that govern the kinetics for HC
oxidation such as HC concentration, oxygen concentration, oxidation state of the noble
metal, and particle size.
As with CO, the oxidation of HCs typically follow a Langmuir-Hinshelwood
mechanism between adsorbed O2 and HCs.52 As a result, the surface reaction is rate
limiting due to competition for active sites between the reactants. Depending on the HC
species, HC adsorption at temperatures below light-off may be stronger than oxygen
adsorption which limits the surface oxygen for reaction. For example, propylene has a
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strong inhibiting effect on HC oxidation over Pt catalysts due to its strong chemisorption
to Pt.53 However, propane chemisorption on a Pd catalyst is weak compared to CO and
propylene and is therefore positive order with respect to propane concentration.54 Note,
the thermodynamically stable phase of Pd during reaction temperatures is PdO.25 Under
excess oxygen, the surface of Pd is saturated with oxygen and so the oxidation of propane
is zero-order with respect to oxygen concentration.54
There is no clear consensus in the literature as to what is the most active oxidation
state of Pd for HC oxidation. Maillet et al. compared the performance of a pre-reduced
and pre-oxidized 1 wt% Pd/Al2O3 catalyst for the oxidation of propane under rich
conditions (𝑠 = [𝑂2 ]⁄5[𝐶3 𝐻8 ] = 0.4). The authors found that the pre-oxidized catalyst
performed better than the pre-reduced catalyst at temperatures ranging from ~275-350 oC.
At temperatures above 350 oC, the performance of the pre-reduced catalyst was equal to
that of the pre-reduced catalyst due to the full reduction of PdO  Pd0 from propane.
Catalytic reactions predominantly occur at the surface of the noble metal.
Therefore particle size/dispersion plays an important role on the catalytic activity.
Typically, a catalyst with smaller particle sizes has higher global reaction rates (reactant
moles converted per second) than catalysts with large particle sizes since a larger fraction
of atoms are on the surface (higher dispersion). Another parameter to measure the
catalytic performance is the intrinsic activity, which is expressed as the turnover
frequency (TOF). The TOF is essentially the global reaction rate normalized by the total
number of active sites (molecules converted per surface atom per second). Note that as
the particle size increases, the concentration of surface atoms and sites change. As a
result, the surface structure changes. If the TOF for a reaction varies with particle size,
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the reaction is said to be “structure sensitive”. Oppositely, the reaction is said to be
“structure insensitive”55 when the TOF does not vary with particle size or
crystallographic plane. The TOF for the oxidation of several HCs over Pt catalysts has
been studied extensively.56,57 On one hand, Gololobov et al.57 found structure sensitivity
for alkane oxidation over Pt/Al2O3 catalysts over the range of ~1-3 nm Pt particle sizes
(TOF increased with increasing particle size). The reactions were structure insensitive at
larger Pt particle sizes (> 3 nm). On the other hand, Haneda et al.56 found reverse
structure sensitivity for propylene oxidation over Pt/Al2O3 catalysts over the range of ~510 nm Pt particle sizes (i.e. TOF increased with decreasing particle size). The reactivity
became structure insensitive at particle sizes smaller than 5 nm. The two studies indicate
there is a cut-off particle size at which HC oxidation reactions are structure
sensitive/insensitive. However, the particle size ranges in these two studies do not
resemble the true range of sizes observed in actual automotive catalysts. The noble metal
dispersion in the converter can drop to as low as ~1% (~100 nm sizes) after 100-150k
miles of driving due to sintering.58
In this study we investigated the kinetics for the oxidation of propane over 1.1
wt% Pd/Al2O3 catalysts under lean conditions (s = 2-40) in 5% H2O. Although Pd is an
active component in TWC applications, we performed our reactions under lean
conditions in order to avoid errors in oxygen concentrations near stoichiometric
conditions. Several catalysts with distinct Pd particle sizes were prepared by
hydrothermally aging under different temperatures and durations in order to study the
structure sensitivity of propane oxidation. Pd particle sizes ranging from 3.3 – 29 nm
were used in order to simulate the reactivity due to realistic dispersions during the
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lifetime of the catalysts. The effect of Pd oxidation state was studied by pre-oxidizing and
pre-reducing the catalysts with the smallest particle size (3.3 nm Pd) in 5% O2 and 5%
H2, respectively.

6.2 Purpose of the Research
The purpose of this research is to gain a fundamental understanding on the
parameters that govern the kinetics for the oxidation of saturated hydrocarbons over
Pd/Al2O3 catalysts. Propane was chosen in this study since it is generally used to model
saturated hydrocarbons that are difficult to treat at low temperatures. We investigated the
effects of propane concentration, oxygen concentration, oxidation state of Pd, and Pd
particle size on the kinetics for propane oxidation over Pd/Al2O3 catalysts.

6.3 Significance
The study provides fundamental insights into the development of Pd catalysts
with improved low temperature performance for the oxidation of saturated hydrocarbons.

6.4 Experimental
Sample Preparation
1.1 wt% Pd/Al2O3 catalysts were prepared using the incipient wetness technique.
A Pd(NO3)2 precursor was introduced to lanthanum-stabilized alumina support (MI386)
after having been diluted with DI water. The slurry was dried overnight and calcined at
550 °C for 2 hr in ambient air. The weight loading after calcination was confirmed via
inductively coupled plasma spectroscopy (ICP) performed by Galbraith Laboratories Inc.
Samples with distinct Pd particle sizes were prepared by aging ~150 mg of the 1.1 wt%
Pd/La-Al2O3 calcined batch in a reactor with flowing 5% O2 and 10% H2O at various
temperatures and durations. In particular, the aging was performed at temperatures above
the decomposition temperature of PdO since metallic Pd sinters more rapidly. The
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decomposition temperature of PdO in 5% O2 at the ambient pressure of Detroit is about
~745 oC, according to bulk thermodynamic calculations. The calculation was determined
by using the linearized versions of Van’t Hoff equation (constant ΔHr) from the work of
Peuckert.26 A summary of particle sizes and TEM images is shown in Table I.

Particle Size Characterization
CO pulsed chemisorption was performed immediately after samples were
hydrothermally aged in order to ensure that Pd was in reduced form prior to
characterization in TEM. The steps in characterization were detrimental because Pd
forms an oxide of PdO who’s volume expands23 under oxidizing conditions. Therefore
one may see larger particles in TEM compared to CO chemisorption where Pd is in
metallic form.

CO Chemisorption
Pulsed chemisorption of CO was performed with a Micromeritics AutoChem II
Chemisorption Analyzer. Around 150 mg of the catalyst was loaded in a U-shaped quartz
tube. The catalyst was pre-treated in 10% O2 at 350 °C for 1 hr to burn off anything that
had possibly adsorbed to the surface during sample handling. Note that the helium carrier
gas may contain small concentrations of O2 that may re-oxidize Pd around 260 oC during
reducing treatments. Therefore, the catalyst was reduced at 200 °C in 10% H2 for 1 hr.
After the H2 pretreatment, the pulsed chemisorption was performed at 45 °C with 10%
CO pulses until full saturation was achieved.
Transmission Electron Microscopy
After CO chemisorption was performed, transmission electron microscopy (TEM)
was used to determine and compare the Pd particle size. The TEM utilized is a JEOL
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JEM 2100F with aberration correction. The microscope is configured for both traditional
TEM as well as scanning TEM (STEM). Images for this work were taken using a high
angle annular dark field (HAADF) detector. The electron source on this microscope is a
field emission gun (FEG), and the microscope is equipped with a STEM mode spherical
aberration corrector (Cs). The 2100F has a TEM point resolution of 2.3 Å and a lattice
resolution of 1 Å. In STEM mode, a resolution of 1.4 Å is possible. The microscope was
operated at an accelerating voltage of 200 kV. Prior to TEM, sample preparation involved
grinding the powder in a mortar and pestle and dispersing the powder in methanol. The
samples were ultra-sonicated after dispersion in methanol. A droplet of the sample was
dispersed onto the lacy carbon TEM grid. Particle sizes were characterized using highangle annular dark field (HAADF) in scanning-TEM (STEM) mode where several
images were taken at different areas in the TEM grid to count a total of 200 particles or
more. High magnification images were taken to ensure we did not miss any small
particles that one may not see at lower magnifications. The number average and surface
average particle size, dn and ds59 respectively were calculated by the following equations:

𝑑𝑛 =
𝑑𝑠 =

∑ 𝑛𝑖 𝑑𝑖
∑ 𝑛𝑖
∑ 𝑛𝑖 𝑑𝑖3
∑ 𝑛𝑖 𝑑𝑖2

(1)
(2)

The error in the particle size measurement was taken as the standard deviation between
the average particle sizes of each image. The Pd dispersion, D,59 was calculated as
shown in Eqn. (3)
𝐷 (%) =

100
𝑑𝑠
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(3)

Table I summarizes the average particle size for the four distinct samples after CO
chemisorption. Sample names are listed from 1-4 with 1 being the smallest particle size
and 4 being the largest. We can see from the Table I that the particle sizes between the
two techniques were in good agreement.
TABLE I: Summary of Pd Particle Sizes from TEM and CO Chemisorption
Sample

Aging Treatment

TEM Number
Average (nm)

TEM Surface
Average (nm)

1

550 oC / 2 hr

3.3 ± 0.2

5.6 ± 3.4

CO
Chemisorption
(nm)
4.1

2
3
4

o

750 C / 0.5 hr

12 ± 1

13 ± 1

9.8

o

22.8 ± 3.6

24.9 ± 4.2

22.5

o

29 ± 3

33 ± 3

34.9

850 C / 2 hr
900 C / 5 hr

TEM revealed no sign of bimodal distributions indicating our samples were sintered
uniformly in the reactor. Figure 6.1 shows the particle size distributions (PSDs) and
low/high magnification HAADF-STEM images of the four samples after CO
chemisorption. High magnification images were taken to ensure we did not miss any
small particles that may not be seen at lower magnifications.

(a)

(e)

(i)

(b)

(f)

(j)

(c)

(g)

(k)

(d)

(h)

(l)

Diameter = 3.3 0.2 nm
N = 321

Diameter = 12 1 nm
N = 250

Diameter = 22.8 3.6 nm
N = 234

Diameter = 29 3 nm
N = 212
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Figure 6.1. HAADF-STEM images of Pd/Al2O3 catalysts after aging in 5% O2 / 10%
H2O at various temperatures and durations. (a-d) Low magnification images of
hydrothermally aged Pd/Al2O3 catalysts (Sample 1-4, respectively). (e-h) High
magnification images of hydrothermally aged Pd/Al2O3 catalysts (Sample 1-4,
respectively). (i-l) Particle size distributions of samples 1-4, respectively, after
hydrothermal aging.
Propane Oxidation Measurements
The oxidation reactivity of propane over 1.1 wt% Pd/Al2O3 catalysts was
measured in a powder reactor by temperature programmed propane oxidation (TPPO)
and steady-state experiments. The reactor contained 25 mg of the powder mixed with 25
mg of silica diluent. The thermocouple was placed in contact with the powders to ensure
we were measuring the correct temperature of the catalyst during the reactions. The
catalysts were pretreated in 5% O2 at 500 oC for 1 hr to ensure that Pd was in the form of
PdO at the beginning of the reactions and to burn off any possible coking from the
previous run. The catalysts were cooled to around 100 oC in 5% O2 after the pretreatment.
At this point propane was introduced into the reaction feed along with 5% H2O. Nitrogen
was used as the carrier gas and the total flow rate was 0.32 L/min. No other reactants
such as CO were introduced to the reaction feed since CO and HCs are known to compete
for active sites.50 The mixture was held at 100 oC until the water vapor and propane
concentrations stabilized. Reactant concentrations were measured with a Thermo
Scientific Nicolet 6700 FT-IR. Once stability was achieved we determined the propane
baseline concentration and began the TPPO or steady-state experiments. TPPO
measurements were performed with a temperature ramp rate of 2 oC/min. Steady-state
experiments involved holding the catalyst at temperatures which gave 2-15% conversions
for 0.5 hr.
Global Reaction Rate and TOF Calculations
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Propane concentrations were averaged over the time frames in which steady state
was achieved for each temperature providing 2-15% conversion. The average
concentration at a given temperature was used to calculate the conversion, 𝑋𝐻𝐶 (𝑇). The
global reaction rate, 𝑟(𝑇), was calculated using Eqn. (4),
𝑟(𝑇) =

𝐹0 𝑋𝐻𝐶 (𝑇)
𝑊𝑐𝑎𝑡

(4)

where 𝐹0 is the molar flow rate and 𝑊𝑐𝑎𝑡 is the mass of the catalyst (25 mg). Arrhenius
plots were obtained by plotting the natural logarithm of the global reaction rate, 𝑟(𝑇) vs.
1000⁄𝑇 . Activation energies were calculated by multiplying the slope of the Arrhenius
plot by the universal gas constant, R = 8.314 J/K-1mol-1. The 𝑇𝑂𝐹(𝑇), was calculated by
normalizing the reaction rate, 𝑟(𝑇), to the total number of surface Pd atoms, 𝑁𝑃𝑑 . The
TOF is described as follows,
𝑇𝑂𝐹(𝑇) =

𝑟(𝑇)𝑀𝑃𝑑

(5)

𝑁𝑃𝑑

𝑁𝑃𝑑 = 𝑥𝑃𝑑

𝐷
100

(6)

where 𝑀𝑃𝑑 is the molar mass of Pd (106 g/mol) and 𝑥𝑃𝑑 is the fractional weight loading
of Pd (0.011).

6.5 Results and Discussion
Effect of Propane Concentration on Propane Oxidation
The reaction order for propane oxidation with respect to propane concentration
was investigated using Sample 1 (3.3 nm Pd particle size). The sample was pretreated in
5% O2 at 500 oC for 1 hr. The catalyst was then cooled to about 100 oC in 5% O2 in order
to ensure that PdO did not get reduced to metallic Pd. Once the sample was cooled down
to 100 oC, propane and 5% H2O were introduced into the feed. Steady-state experiments
were performed with propane concentrations varying from 100-1160 ppm. Temperatures
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that provided 2-15% conversion of propane were held for 0.5 hr. Figure 6.2a shows
Arrhenius plots of the global reaction rates for the different propane concentrations. We
can clearly see that propane oxidation is positive order with respect to propane
concentration (reactivity increased with increased propane concentration). The activation
energy of 49 kcal/mol reported in Figure 6.2a is the average between the four Arrhenius
plots since there was negligible difference. The order, n = 0.6 for the reaction was
determined by taking the natural log of the reaction rate at 365 oC vs the natural log of the
propane concentration (Figure 6.2b) and determining the slope of the line. The reaction
order was consistent with that found in the literature.54 The positive reaction order relates
to the fact that propane does not strongly adsorb to Pd as compared to CO which limits
the rate of the reaction. Therefore, adding more propane increases the reactivity.
(a)

(b)
T = 365 oC

EA = 49 kcal/mol

Figure 6.2: Steady-state experiments on the effect of propane concentration on
propane oxidation over Sample 1 (3.3 nm Pd particle size). The catalyst was
pretreated in 5% O2 at 500 oC for 1 hr. The reaction feed contained 100-1160 ppm
C3H8 with 5% O2 / 5% H2O. Temperatures that provided 2-15% conversions were
held for 0.5 hr. (a) Arrhenius plot of the global reaction rates for four different
propane concentrations ranging from 100-1160 ppm. (b) Natural log of the global
reaction rate vs natural log of the propane concentration at T = 365 oC. The
reaction order, n with respect to propane concentration was 0.6.
Effect of Oxygen Concentration on Propane Oxidation
The reaction order for propane oxidation with respect to oxygen concentration
was investigated using Sample 1 (3.3 nm Pd particle size). The sample pretreatment and
experimental protocol was the same as the experiments to determine the reaction order
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with respect to propane concentration. The reaction feed consisted of 500 ppm C 3H8
(0.05% C3H8) and 5% H2O where the oxygen concentrations were varied from 0.5 – 10%
O2. These conditions translate to a stoichiometric ratio, 𝑠 = [𝑂2 ]⁄5[𝐶3 𝐻8 ] varying from
2-40. Figures 6.3a shows the TPPO experiments for each oxygen concentration where
Figure 6.3b shows a summary of the conversions vs s for three different temperatures
(380 oC, 400 oC, and 450 oC). From Figure 6.3 we can see that the conversion increased
with s (i.e. increased oxygen concentration) up to about S = 4.5 and then remained
constant at higher values. Figure 6.3c shows the global reaction rates plotted vs oxygen
concentrations at T = 380 oC which were derived under steady-state conditions. We can
clearly see that the reaction rate did not vary with oxygen concentration meaning the
reaction is zero-order with respect to oxygen concentration. This observation was
consistent with the work form Yu Yao.54 The reaction is zero-order with respect to
oxygen because the surface of Pd is saturated with oxygen.
(a)

(c)

(b)

Figure 6.3: Experiments on the effect of oxygen concentration on propane oxidation
over Sample 1 (3.3 nm Pd particle size). The catalyst was pretreated in 5% O2 at 500
o
C for 1 hr. The reaction feed contained 0.5-10% O2 (𝒔 = [𝑶𝟐 ]⁄𝟓[𝑪𝟑 𝑯𝟖 ] = 𝟐 − 𝟒𝟎)
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with 0.05% C3H8 / 5% H2O. (a) Effect of O2 on TPPO measurements (b) Propane
conversion vs stoichiometric ratio, s at T = 380 oC, 400 oC, and 450 oC determined
from TPPO measurements. (c) Global reaction rate vs O2 concentration at T = 380
o
C determined under steady-state conditions.
Effect of Pd Oxidation State on Propane Oxidation
The effect of Pd oxidation state on propane oxidation was investigated with
Sample 1 (3.3 nm Pd particle size). The initial oxidation state of Pd was controlled by
pretreating the catalyst under reducing/oxidizing conditions. Pre-reducing experiments
involved pre-oxidizing the sample first in 5% O2 at 500 oC for 1 hr in order to burn off
any coking from previous experiments. After pretreatment in oxygen, the sample was
then reduced in 5% H2 at 250 oC for 0.5 hr. The catalyst was then cooled to 100 oC in 5%
H2 in order to ensure Pd remained metallic before reactivity measurements. Pre-oxidizing
experiments simply involved heating the catalysts in 5% O2 at 500 oC for 1 hr. The
catalyst was cooled to 100 oC in 5% O2 in order to ensure PdOx did not get reduced to
metallic Pd prior to the reactivity measurements. The reaction feed contained 0.05% C3H8
with 5% O2 and 5% H2O. Figure 6.4a shows the TPPO measurements after the following
pretreatments: 1st pre-reduction (A)  1st pre-oxidation (B)  2nd pre-reduction (C) 
2nd pre-oxidation. From the results in Figure 6.4a and Table II we can see that prereducing the catalyst improved the performance compared to pre-oxidation. These results
show that metallic Pd is more active than PdOx for propane oxidation. However, there
was no significant difference in reactivity between the pretreatments in the steady-state
experiments (Figure 6.4b). We propose that this is due to the oxidation state of Pd being
the same in both cases (PdOx) since temperatures were held for a longer period of time
allowing equilibration between oxygen and Pd.
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(a)

(b)

Figure 6.4. Experiments for the effect of Pd oxidation state on propane oxidation for
Sample 1 (3.3 nm Pd particle size). The reaction feed contained 0.05% C3H8 / 5% O2
/ 5% H2O. (a) TPPO measurements after reducing/oxidizing pretreatments in 5%
H2 at 250 oC for 0.5 hr and 5% O2 at 500 oC for 1 hr, respectively. A,B,C,D
represent the TPPO measurement after 1st reducing pretreatment, 1st oxidizing
pretreatment, 2nd reducing pretreatment, and 2nd oxidizing pretreatment,
respectively. (b) Arrhenius plot comparing the global reaction rates between the
oxidizing/reducing pretreatments. The reaction rates were determined under steady
state conditions where temperatures that provided 2-15% conversion were held for
0.5 hr.
TABLE II: Summary of T50 from TPPO measurements in Figure 6.4a
Light-Off Measurement

T50 (oC)

A

415

B

433

C

420

D

437

Effect of Particle Size on Propane Oxidation
The effect of particle size on propane oxidation was determined over the size
range of 3.3 – 29 nm. The catalysts were pretreated in 5% O2 at 500 oC for 1 hr. The
reaction feed contained 0.05% C3H8, 5% O2 and 5% H2O. The reactivity decreased with
increased Pd particle size as shown in the TPPO measurements (Figure 6.5) where the
temperature was ramped at 2 oC/min. It is clear that the catalyst with the largest particle
size was severely deactivated since it had not reached full conversion at 500 oC. The
temperatures at which 50% conversion was achieved are summarized in Table III. Figure
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6a shows the Arrhenius plots for the global reaction rates of all four particle sizes ranging
from 3.3–29 nm which were obtained under steady state conditions. Temperatures that
provided 2-15% conversions were held for 0.5 hr. The global reaction rates appeared to
remain constant as shown in Figure 6.6b for three different temperatures (365 oC, 385 oC,
and 415 oC). However, the global reaction rate at 415 oC for the smallest particle size
was significantly higher than the rest of the particle sizes due to a larger activation energy
(50 kcal/mol). A summary of the activation energies is shown in Table IV where it is
clear that the activation energies decreased with increasing particle size. Figure 6.6c
shows the Arrhenius plots of the TOF for all particle sizes ranging from 3.3 – 29 nm
which were obtained under steady-state conditions. The reaction appears to be structure
insensitive over Pd since the TOF did not change significantly with particle size at 365 oC
and 385 oC (Figure 6.6d). However due to variation in activation energies, the structure
sensitivity was inconclusive at 415 oC.

Figure 6.5: TPPO measurements for Samples 1-4 (Pd particle sizes ranging from 3.3
– 29 nm). The catalysts were pretreated in 5% O2 at 500 oC for 1 hr. The reaction
feed contained 0.05 % C3H8 / 5% O2 / 5% H2O (s = 20).

TABLE III: Summary of T50 from TPPO measurements in Figure 6.5
Pd Particle Size (nm)
T50 (oC)
113

3.3
12
22.8
29

422
439
459
485

(a)

(c)

(b)

(d)

Figure 6.6. Effect of Pd particle size on propane oxidation. Samples were pretreated
in 5% O2 at 500 oC for 1 hr. The reaction feed contained 0.05% C3H8 / 5% O2 / 5%
H2O (s = 20). (a) Arrhenius plot of the global reaction rate for propane oxidation
over Samples 1-4. The reaction rate was determined under steady state conditions
where temperatures that provided 2-15% conversion were chosen.
Each
temperature was held for 0.5 hr (b) Global reaction rate vs Pd particle size at T =
365 oC, 385 oC, and 415 oC. (c) Arrhenius plot of the TOFs for propane oxidation
over Samples 1-4. The TOFs were determined under steady state conditions. (d)
TOF vs Pd particle size at T = 365 oC, 385 oC, and 415 oC.
TABLE IV: Summary of activation energies from steady-state measurements in
Figure 6.6
Particle Size (nm)
3.3
12
22.8
29

Activation Energy (kcal/mol)
50
44
37
35

6.6 Conclusions
In summary, we performed a kinetic study on the oxidation of propane over 1.1
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wt% Pd/Al2O3 catalysts. The reactions were performed under lean conditions in 5% H2O
with a stoichiometric ratio (𝑠 = [𝑂2 ]⁄5[𝐶3 𝐻8 ]) ranging from 2-40. The study revealed
that the reaction order for propane oxidation with respect to propane and oxygen
concentrations was 0.6 and 0, respectively. These results were in agreement with the
literature.54 Reducing/oxidizing pretreatments prior to TPPO measurements revealed that
metallic Pd is more active than PdOx for propane oxidation. However, the performance
was not affected under steady-state conditions. The structure sensitivity of propane
oxidation was inconclusive due to changes in activation energy. The activation energy
decreased with increasing Pd particle size. The reaction appeared to be structure
insensitive at 365 oC and 385 oC but inconclusive at 415 oC due to oscillations in the TOF
with increased particle size.

The work provides fundamental insights into the

development of optimized Pd-based catalysts for low temperature oxidation of saturated
HC oxidation in DOC and TWC applications.
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Chapter 7
Conclusions and Future Work
The role of vapor phase processes on the sintering of diesel oxidation catalysts
(DOCs) was investigated in this dissertation. The accelerated aging of DOCs is
performed at 800 oC as recommended by the Department of Energy (DOE). Pt sinters
readily via Ostwald ripening at 800 oC under oxidizing conditions. At 800 oC in an
oxidative environment, Pt forms PtO2 which has a high vapor pressure. As a result, vapor
phase ripening via transport of PtO2 is significant and leads to the growth of large Pt
nanoparticles. It is well known that Pd improves the durability of Pt DOCs and that the
support influences the rate of Pt sintering. However, there is no clear consensus in the
literature for the responsible mechanisms. In this study, the role of Pd and the support on
the vapor phase ripening of Pt was investigated. Model catalysts were used in order to
gain mechanistic insights and to study the vapor pressure of PtO2.
In summary for the effect of Pd on the durability of Pt (Chapter 3), the role of
PtO2 vapor pressure on bimetallic Pt-Pd catalyst sintering was investigated by aging
catalysts in air at 800 oC for 10 hr. The results showed that lowering the vapor pressure of
PtO2 slowed down the rate of sintering. Lowering of the vapor pressure was achieved by
decreasing the O2 concentration or by alloying Pt with Pd. Both scenarios had a similar
effect on the final particle size. The model catalyst study showed that when a Pt-Pd
particle is heated in an open system, emission of PtO2 causes the formation of a metallic
core of Pt-Pd and a separate PdO phase. The upper limit of stability of metallic Pt-Pd in
air at 800 oC was determined to be about 70 at% Pd. We conclude that the separate PdO
phase generated during Pt emission from Pt-Pd particles plays an important role since it
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serves to trap mobile PtO2 species. This leads to a mechanism which we have termed
“regenerative trapping”, since the PdO traps are regenerated by the emission of PtO2 from
the Pt-Pd alloy particles. While Pd by itself remains very stable during heating at 800 oC
in air, Pt-Pd particles continue to sinter since mobile Pt as well as mobile Pd species can
be emitted from metallic Pt-Pd particles. This work provides a fundamental
understanding of the sintering mechanism of Pt-Pd catalysts which would be helpful for
the future development of more durable Pt-Pd diesel oxidation catalysts.
The trapping mechanism was proved in Chapter 4. In summary of the work, a
model catalyst containing co-existing Pt+PdO nanoparticles was synthesized via electron
beam evaporation. Upon heating in air at 650 oC for 2 min, PtO2 was mobile and was
captured (“trapped”) by the PdO nanoparticles. After the PtO2 was trapped, it reduced the
PdO to metallic Pd causing formation of metallic Pt-Pd nanoparticles. Bulk
thermodynamic calculations proved that trapping will occur at 800 oC as well. The study
shows that mobile species emitted from Pt can be effectively captured by PdO leading to
the formation of metallic Pt-Pd particles. This explains how metallic Pt-Pd particles can
be formed when physical mixtures of Pt/Al2O3 and Pd/Al2O3 are aged in air. The results
provide an explanation for the beneficial effect of Pd in diesel exhaust catalysts. Ostwald
ripening leads to the growth of Pt particles through inter-particle transport of mobile
species. PdO can act as a very effective trap for capturing Pt-derived mobile species.
These results help explain the beneficial role of Pd in Pt-Pd diesel oxidation catalysts.
In summary of the role of the support on Pt sintering (Chapter 5), we developed a
method to measure emission of metal from supported powders in order to determine the
vapor pressure of PtO2. Typically in a porous powder one cannot measure emission since
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anything volatilized will be trapped in the pores. There will also be no emission when the
powder is thick since the thickness will contain the volatilized metal. In this study we
deposited thin films of powder catalysts onto planar Si (100) model TEM grids and
measured the change in Pt concentration as a function of aging time with EPMA. Our
study on emission from thin films of powder showed that La-Al2O3 is not efficient at
stabilizing Pt from evaporating. As a result, Pt sinters readily under oxidizing conditions
in a packed bed of Pt/La-Al2O3 due to the significant vapor phase transport of PtO2.
MgAl2O4 spinel was very efficient at stopping Pt from evaporating up to 30 hr of aging at
800 oC in flowing air in the thin film sample. HAADF-STEM images show the coexistence of small and large particles during aging. XRD and CO oxidation results on the
Pt/MgAl2O4 that was aged in a packed bed showed a few implications. The sample had
co-existing small particles with large particles where 0.3 wt% of the 1.3 wt% Pt/MgAl2O4
was in crystalline form and the particles were > 100 nm. However, the catalyst had poor
performance for CO oxidation. This result suggests that the 1 wt% of Pt that is small was
encapsulated by the MgAl2O4 spinel during aging at 800 oC. The polyhedral CeO2 was
efficient at lowering the rate of Pt loss during aging and performed best for CO oxidation
due to its ability to keep Pt in dispersed form.
Lastly, we performed a kinetic study on the oxidation of propane over 1.1 wt%
Pd/Al2O3 catalysts at General Motors (Chapter 6). The reactions were performed under
lean conditions in 5% H2O with a stoichiometric ratio (𝑠 = [𝑂2 ]⁄5[𝐶3 𝐻8 ]) ranging from
2-40. The study revealed that the reaction order for propane oxidation with respect to
propane and oxygen concentrations was 0.6 and 0, respectively. These results were in
agreement with the literature.54 Reducing/oxidizing pretreatments prior to TPPO
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measurements revealed that metallic Pd is more active than PdOx for propane oxidation.
However, the performance was not affected under steady-state conditions. The structure
sensitivity of propane oxidation was inconclusive due to changes in activation energy.
The activation energy decreased with increasing Pd particle size. The reaction appeared
to be structure insensitive at 365 oC and 385 oC but inconclusive at 415 oC due to
oscillations in the TOF with increased particle size. The work provides fundamental
insights into the development of optimized Pd-based catalysts for low temperature
oxidation of saturated HC oxidation in DOC and TWC applications.

Future Work
Future work should involve a further study on the trapping mechanism by which
PtO2 reduces PdO to metallic Pd. The question is how exactly does PtO2 remove the
oxygen from the PdO lattice and form the bimetallic Pt-Pd? To start it, would be
beneficial to study the process of trapping under in situ environmental TEM. A DFT
study will provide further details on the mechanism of trapping.
The role of vapor phase processes on the sintering of Pt in this study was done
under dry lean conditions with no reactants. Further studies need to be done under
realistic conditions in which catalysts are exposed to in the DOC application. The gas
conditions will include adding water vapor, CO, HCs, and NOx. This could be done using
the facilities provided by our collaborators at GM. Furthermore, it would be beneficial to
understand the role of reducing condition on the sintering of Pt-Pd. This dissertation
provided fundamental insights into the sintering of Pt DOCs under oxidizing conditions.
Which mechanisms play a role under reducing conditions?
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Lastly, it would be beneficial to implement a mathematical mode to describe the
model catalyst studies. The models should be able to predict rates of sintering and rates of
emission and should be validated with experiments.
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Appendix A: Supporting Data for Chapter 3
Methods for Elemental Analysis of Model and Powder Catalysts by Electron Probe
Microanalysis
Thin film simulations for the model catalysts were performed in GMRFilm 18 at an
accelerating voltage of 10 kV. The model catalysts contain a 15 nm thick silicon nitride
membrane that forms a 3 nm layer on top and below the membrane during heating under
oxidizing conditions20 Therefore, the simulations consisted of 4 layers. The first layer is
the metal film in which the thickness (i.e., loading) was varied. The following 3 layers
were SiO2, Si3N4, SiO2, respectively. The standards used for the simulations and EPMA
experiments are in the table below. Based on GMRFilm simulations using the
aforementioned thin film layer setup, we derived the relationship between K-ratios and
Pt, Pd film thicknesses. Based on simulations it is obvious that the X-ray intensities are
not linear with film thicknesses above ~75 Å. Therefore, we deposited equivalent film
thicknesses of Pt and Pd onto the model TEM grids with thicknesses lower than 75 Å in
order to stay in the linear regime and to determine the film thickness after aging and
evaporating the metal. The equations derived in GMRFilm relating K-ratio to metal film
thickness is described below:
𝐾𝑃𝑡 = 0.06𝑡𝑃𝑡
𝐾𝑃𝑑 = 0.04𝑡𝑃𝑑
where 𝐾𝑃𝑡 and 𝐾𝑃𝑑 are the K-ratios for Pt and Pd, respectively. The parameters 𝑡𝑃𝑡 and
𝑡𝑃𝑑 are the thicknesses of Pt and Pd, respectively.
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Accelerating Voltage = 10 kV
Layer 1 (Metal Film – Varied Thickness)
Layer 2 (SiO2 Membrane Film – 30 Å)
Layer 3 (Si3N4 Membrane Film – 150 Å)
Layer 4 (SiO2 Membrane Film – 20 Å)

KPt = 0.06tPt
KPd = 0.04tPd

Element

X-ray Line (kV)

Standard

Pt

Mα (2.050)

100% Pt

Pd

Lα (2.838)

100% Pd

Si

Kα (1.740)

Quartz SiO2

O

Kα (0.525)

Quartz SiO2

N

Kα (0.392)

Boron Nitride

Figure A1. Thin film simulations to determine relationship between X-ray
intensities (K-ratios) and metal film thicknesses. The table at the far right shows the
standards used in the simulations and for data acquisition in EPMA.
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Standards used in EPMA for La-Al2O3 supported Pt, Pd, and Pt-Pd powder
catalysts
Table I
Element
X-ray Line (kV)
Standard
Pt
Mα (2.050)
100% Pt
Pd
Lα (2.838)
100% Pd
La
Kα (1.740)
LaB6
Al
Kα (0.525)
Al2O3
O
Kα (0.392)
Al2O3
Studies of Pt emission from powder catalysts
The elemental analysis of 1.6 wt% Pt/LaAl2O3 and 1Pt:0.33Pd powder catalysts was
studied by EPMA by depositing powder on blank model TEM grids. These powders were
also aged at 800 oC in air in the same experimental setup described in the manuscript.
After aging the powder was deposited on a new TEM grid and the elemental composition
was measured. The results show that there was no emission of Pt or Pd from these
catalysts. In related experiments that are not described here, we deposited the Pt catalyst
as a thin layer such that every grain of the catalyst was exposed to the sweep gas. In this
configuration, we found there was a loss of Pt very similar to that seen on the model
catalyst. We would expect a similar loss when the catalyst is aged in a boat, but the Pt
emission will only happen from the top most layer of the powder, which constitutes a
very small fraction of the total powder bed. This is why EPMA analysis of the powder
catalyst does not show any detectable loss of Pt. Table II and and Table III show EPMA
data for taking the ratio of X-ray intensities (K-ratios) of the element of interest (Pt, Pd,
La, O) with the K-ratio of Al. As can be seen by Table II and Table III, the ratios of the
X-ray intensities of Pt/Al and Pd/Al did not change after aging, indicating there was no
significant loss in metal after aging.
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Table II
1.6 wt% Pt/La-Al2O3 Catalyst aged in flowing air at 800 oC for 10 hr

Kelement/KAl
Pt/Al
La/Al
O/Al

Before Aging
0.011 ± 0.001
0.053 ± 0.003
1.295 ± 0.016

After Aging
0.013 ± 0.004
0.065 ± 0.002
1.534 ± 0.019

Table III
1.3 wt% Pt-Pd/La-Al2O3 Catalyst (1Pt:0.33Pd atomic ratio) aged in flowing air at 800 oC for 10 hr

Kelement/KAl
Pt/Al
Pd/Al
La/Al
O/Al

Before Aging
0.009 ± 0.001
0.0013 ± 0.0006
0.059 ± 0.004
1.339 ± 0.093
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After Aging
0.008 ± 0.002
0.0016 ± 0.0004
0.057 ± 0.002
1.345 ± 0.019

HAADF-STEM Images of Pt/SiO2 and Pt-Pd/SiO2 model catalysts after aging for
several durations in flowing air at 800 oC
Pt/SiO2
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Figure A2. HAADF-STEM images of Pt/SiO2 and Pt-Pd/SiO2 model catalysts after
aging for several durations (time on stream) in flowing air at 800 oC (a-d) Images of
Pt/SiO2 after aging for 0, 10, 20, and 60 min, respectively. Note, Pt/SiO2 was aged for
a total of 1 hr. Therefore, there is no HAADF-STEM image for 120 min (e-i) Images
of Pt-Pd/SiO2 after aging for 0, 10, 20, 60, and 120 min, respectively.
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More single-particle EDS on Pt-Pd nanoparticles in the Pt-Pd/SiO2 model catalyst
after aging at 800 oC
800 oC/1 hr/Air

a

800 oC/2 hr/Air
Overall At%
Pt: 33
Pd: 67
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Pt: 33
Pd: 67

At%
Pt: 17
Pd: 83

At%
Pt: 0
Pd: 100

At%
Pt: 13
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Figure A3. HAADF-STEM images of Pt-Pd/SiO2 model catalyst after aging in
flowing air at 800 oC for (a) 1 hr (b) 2 hr. The boxes indicate the particles that were
analyzed via single-particle EDS where the atomic compositions are placed near the
box.
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More HRTEM for Pt-Pd/SiO2 model catalysts after aging at 800 oC
800 oC/1 hr/Air
800 oC/2 hr/Air
PdO (101)
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Figure A4. HRTEM images of Pt-Pd/SiO2 model catalyst after aging in flowing air
at 800 oC for 1 and 2 hr. The images on the left and right column correspond to
analysis after aging for 1 hr and 2 hr, respectively. The boxes indicate the particles
that were indexed along with the fast fourier transform (FFT).
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HAADF-STEM images of 1.6 wt% Pt/La-Al2O3 samples aged under various O2
concentrations at 800 oC for 10 hr
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Figure A5. HAADF-STEM images of 1.6 wt% Pt/La-Al2O3 powder catalysts aged at
800 oC for 10 hr under various oxygen concentrations (a-e) Aging under 0, 5.5, 10.5,
15 and 21% O2 respectively (f-j) Corresponding PSDs for samples in (a-e),
respectively. Note, the frequencies were multiplied by a factor of 5 for particles 40
nm and above in the samples aged in 5.5-21% O2 in order to see the PSD more
clearly.
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HAADF-STEM images of Pt-Pd/La-Al2O3 powder catalysts aged in air at 800 oC for
10 hr
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Figure A6. HAADF-STEM images of Pt-Pd/La-Al2O3 powder catalysts (various
Pt:Pd atomic ratios) and 5.6 wt% Pd/La-Al2O3 after aging in air at 800 oC for 10 hr.
(a) 1Pt:0.33Pd (b) 1Pt:1Pd (c) 1Pt:1.5Pd (d) 1Pt:3Pd (e) 1Pt:9Pd (f) 100% Pd (g-l)
corresponding PSD for samples (a-f). Note, the number average particle diameter
reported for the bimetallic samples is the result of counting metallic and oxide phase
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particles.
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Figure A7. XRD after aging Pt-Pd/La-Al2O3 powder catalysts in flowing air (100
sccm) at 800 oC for 10 hr. Note, the numbers in the legends refer to Pt:Pd atomic
ratios (a) XRD patterns obtained with Cu-Kα radiation after aging (b) Zoom-in on
the Pt-Pd (111) peak from (a). (c) XRD pattern comparison between a pure Pd
sample and three Pd-rich Pt-Pd samples after aging (d) Zoom-in on the PdO (101)
and Pt-Pd (111) region of (c).
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Appendix B: Supplemental Data for Chapter 4
PdO (101)
d=2.56A
(2.608)
d= 2.6 Å
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b

d=2.541A
(2.608) PdO (101)
d= 2.6 Å

PdO (101)

PdO (002)
d= 2.7 Å

5 nm

Figure B1. (a) High angle annular darkfield (HAADF)-STEM image of Pd/SiO2
nanoparticles after aging in air at 600 °C for two minutes (b) HRTEM image with
FFT patterns showing lattice spacings of 2.6 Å and 2.7 Å corresponding to the (101)
and (002) PdO lattice planes, respectively.

a

Pt (111)
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Atomic %
Pt: 100
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Figure B2. (a) HRTEM image with FFT pattern showing lattice spacing of 2.3 Å
corresponding to the (111) planes of Pt (b) HAADF-STEM image with results of
single particle EDS confirming that the small particles are Pt and the larger
particles show some Pt and Pd because of the presence of small Pt particles that are
on top of the PdO (c) Single particle EDS spectrum for the overall region in the
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HAADF-STEM image (Figure B2b) (d) Single particle EDS spectrum for the large
particle inside the blue box in Figure B2b with a 35:65 Pt:Pd atomic ratio (e) Single
particle EDS spectrum for the small particle in Figure B2c showing 100 % Pt.
XPS for Pt+PdO aged in air
XPS was used to study the initial oxidation state of our samples and after aging in air at
650 °C for a total of 20 minutes. The oxidation state was studied after each aging time of
2,4,10 and 20 minutes. Figure B3 shows the XPS spectra for the Pd 3d and Pt 4f regions
of sample 2 after the previously mentioned aging times. The as prepared Pt+PdO sample
had an initial PdO peak centered at 337.9 eV (Figure B3a) and shifted to a lower binding
energy of 336.8 eV after only two minutes of aging (Figure B3b) showing PdO had
begun to reduce to metallic Pd in the presence of Pt and thus, forming the bimetallic PtPd. After a total aging of 10 minutes it remained at a constant energy of 335.8 eV.
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Aging Time

Pd 3d
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Figure B3. XPS spectra for Pt+PdO Sample 2 after various aging times in air at 650
°C (a) As prepared Pt+PdO Pd 3d region with a PdO peak at 337.9 eV (b)
Corresponding Pt 4f region for as prepared Pt+PdO: PtO = 72.4 eV (c) Pd 3d region
for Pt+PdO after aging for two minutes: PdO = 336.8 eV (d) Corresponding Pt 4f
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region after aging for two minutes: PtO = 72.6 eV (e) Pd 3d region after aging for
four minutes: PdO = 336 eV (f) Corresponding Pt 4f region after aging for four
minutes: PtO = 71.4 eV (g) Pd 3d region after aging for 10 minutes: PdO = 335.8 eV
(h) Corresponding Pt 4f region after aging for 10 minutes: PtO = 72.0 eV (i) Pd 3d
region after aging for 20 minutes: PdO = 335.8 eV (j) Corresponding Pt 4f region
after aging for 20 minutes: PtO = 71.7 eV
Figure B4 summarizes the percentage of metal and oxide for Pd in sample 2 at the
various aging time steps. We can see that the bimetallic Pt-Pd content reached a
maximum of ~74% after only 4 minutes of aging. The residual oxide (26%) arises from
surface oxide caused by air exposure, and it is consistent with the ~20 dispersion of these
samples (average particle diameter (~4.7nm).
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Figure B4. Percent of metal and oxide for sample 2 after various aging times at 650
°C in air, as determined by XPS. The results show that the transformation into
metallic Pd is complete within 4 minutes.

134

CPA
Procedure
• Ramp to 800 °C at 15 °C/min
• Ramp to 860 °C at 5 °C/min

PtCl4

PtCl2
Pt

Figure B5. Thermogravimetric analysis (TGA) of chloroplatinic acid (CPA)
decomposition to Pt.

Figure B6. Computed pressure of O2 in equilibrium with PdO, PtO2 and PtO2+PdO.
The line is a phase boundary that divides the metal and oxide phases. The
construction of this diagram is based on bulk thermodynamics.
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